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In this paper, the scientific challenges associated with obtaining high impact toughness in the medium-Mn
TRIP steel, Fe-0.2C-6Mn-1.5Al, have been explored. This was enabled by a novel and effective heat
treatment involving the combination of intercritical hardening and tempering to obtain high impact
toughness. Electron microscopy and x-ray diffraction studies clearly underscored absence of TRIP effect in
Fe-0.2C-6Mn-1.5Al medium manganese steel during impact and the volume fraction of austenite played a
determining role in governing impact toughness. The highest impact toughness of 180.17 J/cm2 was ob-
tained when the steel was subjected to intercritical hardening temperature of 630 �C and low tempering
temperature of 200 �C. The presence of martensite in the microstructure reduced the impact toughness on
quenching from 670 to 700 �C. When the quenching temperature was increased to 750 �C, the impact
toughness of steel was slightly increased, which is ascribed to the supersaturated carbon in martensite that
precipitated as carbides. The fracture mode was ductile after intercritical hardening in the temperature
range of 600-700 �C.
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1. Introduction

With the continuous increase in car ownership and energy
exhaustion, there are new requirements for energy saving and
emission reduction of cars, besides safety performance of
automobiles. There is need for next generation of high strength
steels with low cost. In this regard, there is increased focus on
medium manganese steels, as third generation of automobile
steels (Ref 1-5). Impact properties of medium-Mn steel are an
important mechanical property index of automobile steel. It
refers to the ability of material to absorb plastic deformation
and fracture work under impact load, reflecting the tiny defects
and impact resistance of material. Impact toughness reflects the
resistance of metal materials to external impact load.

In recent years, the relationship between mechanical prop-
erties and microstructure of medium manganese steel has been
widely studied. A large number of studies focused on heat
treatment of medium manganese steels (Ref 6-8). Particularly,

with respect to the relationship between mechanical properties
and austenite content in medium manganese steels, researchers
found that the TRIP steel with a high volume fraction of
austenite exhibited best combination of ultimate tensile strength
and ductility (Ref 9-11). But studies on the effect of austenite,
martensite and ferrite on impact properties of medium man-
ganese steels are rare. Yamanaka et al. (Ref 12) studied the
relationship between martensite and impact properties of
medium manganese steels, but ignored the effect of austenite
and ferrite.

Based on the above, the objective here is to explore
ferrite/martensite ratio in governing impact toughness. To
accomplish the objective, a novel heat treatment was designed
that involved intercritical annealing in the two-phase temper-
ature range of 600-750 �C of Fe-0.2C-6Mn-1.5Al steel,
followed by quenching to room temperature and tempering at
200 �C.

2. Experimental Procedure

The chemical composition of the present steel was Fe-
0.20C-6.16Mn-1.62Al (wt.%). Forty kilograms of cast ingots
(200 mm diameter cylinder) was refined using a vacuum
melting furnace and then forged into a slab with a cross-section
dimension of section size 100 mm 9 30 mm. Subsequently,
the rods were hot-rolled into about 4.0 mm in thickness after
reheating to 1200 �C for 2 h. The amount of reduction is 86.7%
during hot rolling. A schematic of the rolling process is shown
in Fig. 1.

For medium-Mn steels mentioned, the traditional heat
treatment requires a long intercritical annealing time, and it is
difficult to use for the experimental steel studied here (Ref 13-
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18). Thus, an effective and novel heat treatment with two-stage
process was adopted (as shown in Fig. 1): (1) First process,
intercritical hardening, steels were soaked in the intercritical
temperature region for 1 h and then quenched in water. (2)
Second process, tempering, the steels after quenching were
tempered at low temperature 200 �C for 15 min and then
immediately cooled in air to room temperature.

The dilatometric plot of the experimental steel is presented
in Fig. 2. After thermal expansion during heating stage (30-
900 �C) at the rate of 20 �C/s, the sample was held at 900 �C
for 3 min. The intercritical temperature range of the experi-
mental steel was 592-760 �C, as marked in Fig. 2.

Five temperatures, namely 600, 630, 670, 700, and 750 �C,
were selected in the two-phase region and soaked for 1 h and
then quenched to room temperature, followed by tempering at
200 �C for 20 min. Charpy v-notch impact specimens were
made from the heat-treated plates and impact tested using JB-
300B semiautomatic impact tester at room temperature.

The microstructure was characterized by field-emission
scanning electron microscopy (SEM), nanoindentation (Key-
sight G200XT nanoindenter system: Lateral displacement
resolution: 150 nm; Background noise of lateral displacement:
0.5 nm), electron backscatter diffraction (EBSD), field-emis-
sion transmission electron microscopy (TEM) and x-ray
diffraction (XRD). EBSD surface specimens were made by
electropolishing. The electropolishing solution is 85% anhy-
drous ethanol + 15% perchloric acid, the polishing voltage is
20 V, and the time is 30 s. In order to obtain thin area for TEM
observation, the specimen with diameter of 3 mm was electro-

plated and thinned. The electrolyte is 20% perchloric acid +
80% anhydrous ethanol, and a direct current of 30 V, 15 mA is
applied at both ends of the electrode. In the process of double
spraying, liquid nitrogen should be used for cooling, and the
temperature of electrolyte should always be lower than
� 25 �C. The volume fraction of austenite was determined
by x-ray diffraction (XRD) with CuKa radiation using the direct
comparison method (Ref 19). The volume fraction of austenite
was measured using the integrated intensities of (220)c and
(311)c peaks of austenite and (200)a and (211)a peaks of ferrite.
The volume fraction of austenite, VA, was calculated by Eq. (1)
(Ref 20):

VA ¼
1
N

PN
i¼1

Ic;i
Rc;i

1
N

PN
i¼1

Ic ;i
Rc;i

þ 1
M

PM
i¼1

Ia;i
Ra;i

ðEq 1Þ

where Ia and Ic are integrated intensity values of ferrite a-phase
and austenite, respectively. M and N are the numbers of ferrite
peaks and austenite peaks, respectively. Ra and Rc are the
standardization constant of ferrite and austenite, respectively.
Rc, (220) = 1.796 m�1, Rc, (311) = 2.282 m�1, Ra, (211) =
2.932 m�1, and Ra, (200) = 1.269 m�1.

3. Results and Discussion

3.1 Microstructure Evolution

Figure 3 is a representative SEM micrograph of as-hot-
rolled steel. The microstructural constituents consisted of
martensite and small amount of austenite. During rolling, most
of austenite transformed into martensite. Due to the volume
expansion of martensite, the grain boundary between martensite
and retained austenite was not clear, and ferrite was not easy to
be identified due to extrusion. During intercritical treatment,
martensite reverted to austenite.

From the representative SEM micrograph in Fig. 4(a), it can
be seen that the microstructure of hot-rolled steel on quenching
from 630 �C and tempering at 200 �C mainly consisted of lath-
type grains. In order to characterize these grains, EBSD studies
were carried out, as shown in Fig. 4(b). Some grains were
identified to have FCC structure, i.e., reversed austenite, but
there was also some BCC phase, i.e., ferrite.

Fig. 1 Schematic diagram of hot rolling and heat treatment
schedule for steels using an effective and simple two-stage heat
treatment process

Fig. 2 Dilatometric plot for the experimental steel Fig. 3 SEM micrographs of as-hot-rolled steel
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SEM micrographs of intercritical hardened and tempered
steels are shown in Fig. 5. The microstructure of steels was
comprised of intercritical ferrite (a-ferrite), martensite, and
retained austenite. The amount of stripe-like ferrite decreased
with the increase in temperature, while the austenite with thin
lath gradually widened with the increase in temperature. As
shown in marked rectangle in Fig. 5(c), in the parent austenite
matrix, the thin lathy martensite was dispersed, which can be
broadly divided into thin layer-type and granular on quenching
from 670 �C for the experimental steel.

According to the Fe–C phase diagram, with the increase in
intercritical temperature, ferrite content is expected to decrease,
and the amount of austenite to increase, and growth of austenite
grains occurs. With the increase in austenite grain size, the
stability of austenite decreases (Ref 21, 22). During quenching,
more austenite is transformed to martensite. Thus, with the
increase in annealing temperature, the amount of martensite
increased on quenching. Austenite in the experimental steels
had a high fraction on quenching in the temperature range of
600-630 �C, but when they were heat-treated at 670 �C, the
amount of austenite decreased markedly because of extensive
martensitic transformation. When the quenching temperature
was increased from 670 to 750 �C, the amount of martensite
increased gradually because of decrease of austenite stability.
Moreover, nanoindentation (Keysight G200XT nanoindenter
system) test was performed for the 0.20C-8.65Mn-4.12Al-Fe
sample after quenching from 750 �C and tempering at 200 �C

(Fig. 6). This showed difference in hardness between austenite,
a-ferrite, and martensite.

The microstructure evolution of experimental steels on
quenching from 630 to 670 �C, respectively, was characterized
by TEM and is presented in Fig. 7. In the steel quenched from
630 �C, the microstructure showed lamellar structure with
alternate bright and dark lath, which were identified as ferrite
lath and austenite lath, as shown by the inserted selected area
diffraction (SAD) in Fig. 7(a). The martensite structure of steel
quenched from 670 �C was characterized by TEM (Fig. 7b).
The microstructure was nearly martensite with retained austen-
ite (dark lath) and ferrite (bright-lath).

Figure 8 shows XRD pattern and measured volume fraction
of austenite in steels on quenching from different intercritical
temperatures. The volume fraction of retained austenite
increased from 36.2 to 57.1 vol.% when the quenching
temperature was increased from 600 to 630 �C, followed by a
significant decrease to 41.9% on quenching from 670 �C.
Finally, the volume fraction of retained austenite decreased to
12.3 vol.% when the quenching temperature was increased to
750 �C.

Figure 9 shows a schematic representation of ferrite,
retained austenite and martensite volume fraction in the
experimental steel intercritically hardened at different temper-
atures. The accurate volume fraction of austenite can be
measured by XRD. But the fraction of ferrite and the martensite
is not the actual measurements, it is only a schematic diagram
showing the trend of change in volume fraction of ferrite and
martensite phases. According to Fe–C phase diagram, with the
increase in annealing temperature, the amount of ferrite
decreases, the amount of austenite increases, and the austenite
grain grows. With the increase in austenite grain size, the
stability of austenite decreases. During quenching, more
austenite transforms into martensite. Thus, with the increase
in annealing temperature from 600 to 630 �C, the volume
fraction of austenite was increased and the ferrite volume
fraction was decreased. Moreover, on increasing the tempera-
ture, the retained austenite grain size increases, which leads to a
decrease in stability of austenite. The higher the intercritical
hardening temperature, the more amount of austenite is
transformed to martensite on quenching from 670 �C and is
the reason for decrease in the volume fraction of austenite.

3.2 The Critical Factors Governing Impact Toughness

The variation in impact toughness for steels on quenching
from different intercritical temperatures is presented in Fig. 10.
At least five samples were tested for each experimental
condition. As shown in Fig. 10, the impact toughness of hot-
rolled experimental steels was increased with the increase in
temperature, with a maximum value of 180.17 J/cm2 for
630 �C, followed by a decrease to 81.25 J/cm2 at 700 �C, and
again increased to 103.12 J/cm2 for 750 �C.

The volume fraction of austenite in experimental steel heat-
treated at different temperatures and fractured samples was
measured by XRD. Figure 11 shows the volume fraction of
austenite in samples before impact test and after impact
fracture. Comparing samples before the impact test, the volume
fraction of austenite in the samples after impact fracture showed
an insignificant change. Thus, it can be inferred that TRIP
effect did not occur during impact test. According to the results
of high-speed tensile test (Ref 23, 24), the volume fraction of
transformed retained austenite decreased obviously with

Fig. 4 Microstructure of hot-rolled steel on quenching from the
intercritical annealing temperature of 630 �C and tempering at
200 �C: (a) representative SEM micrograph, (b) EBSD
characterization showing the morphology and distribution of
reversed austenite grains (red) overlaid on the image quality maps
(Color figure online)
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Fig. 5 SEM micrographs of hot-rolled steels on quenching from different intercritical temperatures. (a) 600 �C, (b) 630 �C, (c) 670 �C, (d)
700 �C and (e) 750 �C

Fig. 6 (a) A SEM image showing the indentation impressions on austenite grains, d-ferrite grains, a-ferrite grains, and martensite grains in hot-
rolled 0.20C-8.65Mn-4.12Al-Fe steels after quenching from intercritical annealing temperature of 750 �C and tempering from 200 �C. (b) The
nanohardness values of different phase grains. Each error bar represents a standard deviation

Journal of Materials Engineering and Performance Volume 29(7) July 2020—4399



Fig. 7 TEM microstructure evolution of hot-rolled steel after quenching from (a) 630 �C and (b) 670 �C

Fig. 8 XRD patterns and measured austenite fractions of steels heat-treated at different temperatures: (a) XRD patterns for steels and (b)
measured austenite fractions

Fig. 9 Schematic diagram of the volume fraction of ferrite,
austenite and martensite in steels heat-treated at different
temperatures

Fig. 10 The variation of impact toughness as a function of
intercritical annealing temperature
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increasing strain rate due to the adiabatic temperature rise under
high strain rate. In the impact test, austenite did not transform
into martensite because of high strain rate. Thus, the improve-
ment in impact toughness is not related to TRIP effect.

In austenitic steels, the increase in impact toughness is
mainly related to austenite content (Ref 25-28). As shown in
Fig. 6, the hardness of austenite was lowest compared with
BCC ferrite, while FCC austenite has stronger deformation
ability. We envisage that austenite can reduce stress concentra-
tion during impact and increase resistance to deformation, with
consequent increase in impact toughness of experimental steel.
According to Fig. 8 and 10, when the intercritical quenching
temperature was increased from 600 to 630 �C, the volume
fraction of austenite increased from 36.2 to 57.1 vol.%, and the
impact toughness increased from 97.19 to 180.17 J/cm2. When
the temperature of quench was low, the amount of retained
austenite was low and the impact toughness was reduced. When
the temperature of quenching increased to 630 �C, the amount
of retained austenite increased and impact toughness was
enhanced. Interestingly, the impact toughness of experimental
steel increased gradually under the effect of increase of retained
austenite content. It is concluded that the amount of austenite
had a dominant effect on impact toughness.

When the temperature of quench was increased to 670 �C,
the grain size of austenite increases and the stability of austenite
is reduced, such that austenite transforms to martensite on
quenching from 670 �C. The presence of martensite in the
microstructure results in volume expansion, stress concentra-
tion and high internal stress. Therefore, it is easy to produce
cracks during impact, reduce resistance to deformation, and
reduce impact toughness of experimental steel. When the
quenching temperature was increased from 630 to 670 �C, the
impact toughness decreased from 180.17 to 153.43 J/cm2.

Figure 12 is the TEM micrograph of experimental steel
quenched from 750 �C and tempered at 200 �C. It can be seen
that on quenching from the intercritical annealed temperature of
750 �C and tempering, the supersaturated carbon in martensite
precipitated as carbides on tempering at 200 �C. The precip-
itation of carbides reduces lattice distortion and internal stress.
With the increase in quenching temperature, the matrix softens
and absorbs more energy during impact. Moreover, the
presence of precipitates will change the direction of crack
growth and the stress–strain state ahead of crack. This improves
the impact toughness of experimental steel. When the quench-

ing temperature was increased from 700 to 750 �C, the impact
toughness increased from 81.25 to 103.12 J/cm2.

3.3 Fractography

The fracture surface of hot-rolled steels on quenching from
different intercritical temperatures was observed using electron
probe micro-analyzer (EPMA) to study the fracture mode
(Fig. 13). The fracture surface of as-hot-rolled steel without
heat treatment is presented in Fig. 13(a). It is clear that the
fracture mode was predominantly intergranular and the repre-
sentative of cleavage brittle fracture were present. As shown in
Fig. 13(b), when the quenching temperature was 600 �C,
dimples were present on the fracture surface, indicative of
ductile fracture. Ductility is related to distribution, depth,
number density and size of dimples (Ref 17, 29-31). When the
quenching temperature was increased from 600 to 630 �C, the
number and size of dimples in the fracture surface were
increased, corresponding to the increasing impact toughness.
When the quenching temperature was increased to 670 �C, the
dimple size gradually decreased, corresponding to the decrease
in impact toughness. The fracture surface of steel on quenching
from 750 �C is presented in Fig. 13(f). It can be seen that the
fracture was ductile and transgranular fracture cracks were also
observed. Combining impact toughness data and fracture
surface analysis, it can be concluded that the larger the number
and size of dimples, the greater is the impact toughness.

4. Conclusions

Different microstructures were obtained in Fe-0.2C-6Mn-
1.5Al medium manganese TRIP steel through intercritical
annealing and tempering. Combining microstructure evolution,
impact toughness and fracture morphology, the following are
the conclusions.

1. During the impact process, there was absence of TRIP
effect in Fe-0.2C-6Mn-1.5Al medium manganese steel.

Fig. 11 Volume % austenite fraction in experimental steel heat-
treated at different temperatures and fractured samples

Fig. 12 TEM micrograph of experimental steel quenched from the
intercritical annealing temperature of 750 �C and tempered at 200 �C
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At high strain rate, experienced during the impact test,
austenite did not transform to martensite.

2. On quenching from the intercritical annealing temperature
range of 600-630 �C and tempering at 200 �C, the con-
tent of austenite increased with the increase of intercriti-
cal annealing temperature. The effect of austenite content
on impact toughness was dominant. Thus, with the in-
crease in intercritical annealing temperature from 600 to
630 �C, the impact toughness was increased from 97.19
to 180.17 J/cm2.

3. When the intercritical annealing temperature was in-
creased from 630 up to 700 �C, the presence of
martensite in the microstructure reduced the impact

toughness of experimental steel from 180.17 to
81.25 J/cm2.

4. The impact toughness was marginally improved
for 750 �C, which is ascribed to the fact that the
supersaturated carbon in martensite precipitated as car-
bide.

5. The impact fracture mode of experimental as-hot-rolled
steel without heat treatment was brittle cleavage fracture,
while it was ductile fracture after annealing in the inter-
critical temperature range and tempering. The larger the
number and size of dimples in the fracture, the higher
was the impact toughness of the corresponding experi-
mental steel.

Fig. 13 Fractographs of hot-rolled steel (a) and after quenching from different intercritical annealing temperatures. (b) 600 �C, (c) 630 �C, (d)
670 �C, (e) 700 �C, (f) 750 �C
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