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The effects of prior austenite (g) grain boundaries and microstructural morphology on the impact
toughness of an annealed Fe-7Mn-0.1C-0.5Si medium Mn steel were investigated for two different
microstructure states, namely, hot-rolled and annealed (HRA) specimens and cold-rolled and annealed
(CRA) specimens. Both types of specimens had a dual-phase microstructure consisting of retained
austenite (gR) and ferrite (a) after intercritical annealing at 640 �C for 30 min. The phase fractions and the
chemical composition of gR were almost identical in both types of specimens. However, their micro-
structural morphology was different. The HRA specimens had lath-shaped morphology and the CRA
specimens had globular-shaped morphology. We find that both types of specimens showed transition in
fracture mode from ductile and partly quasi-cleavage fracture to intergranular fracture with decreasing
impact test temperature from room temperature to �196 �C. The HRA specimen had higher ductile to
brittle transition temperature and lower low-temperature impact toughness compared to the CRA
specimen. This was due to intergranular cracking in the HRA specimens along prior g grain boundaries
decorated by C, Mn and P. In the CRA specimen intergranular cracking occurred along the boundaries of
the very fine a and a0 martensite grains. The results reveal that cold working prior to intercritical
annealing promotes the elimination of the solute-decorated boundaries of coarse prior g grains through
the recrystallization of aʹ martensite prior to reverse transformation, hence improving the low-
temperature impact toughness of medium Mn steel.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

During the last decades, advanced high strength steels with
remarkable low-temperature toughness have been extensively
studied for cryogenic applications, such as cryogenic offshore
structures and storage tanks for liquefied natural gas [1e6].
Although Fe-Ni martensitic steel has been widely used for cryo-
genic applications due to its excellent strength and low-
temperature toughness, the high price of Ni shifts attention to
less expensive alloys [1e6]. In this regard, Fe-Mn martensitic steels
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with 3e10 wt% Mn, referred to as medium Mn steels [7e14], have
received significant attention since both, Fe-Ni and Fe-Mn alloys are
capable of producing similar types of lath martensitic microstruc-
ture and room-temperature mechanical properties [15e19]. How-
ever, medium Mn steels exhibit lower low-temperature toughness
and higher ductile to brittle transition temperature (DBTT)
compared to Fe-Ni martensitic steel. For example, Fe-9Ni and Fe-
8Mn (wt%) steels show a DBTT of �77 �C and �20 �C and impact
energies at �196 �C of 11 J and less than 1 J, respectively [19]. The
high DBTT and poor low-temperature toughness of medium Mn
steels are known to be due to severe intergranular fracture
[15,16,20].

Recently, several studies reported that retained austenite (gR),
when prevalent after reversion treatment from a0 martensite to g
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austenite [21,22], is effective in improving the low-temperature
toughness of medium Mn steel [20,23e25]. Hu et al. [23]
compared the impact toughness of hot-rolled and annealed Fe-
5Mn-0.04C (wt%) steels with and without the presence of gR.
While specimens, annealed at 600 �C for 10 min, showed no gR,
samples that were annealed at 650 �C for 10min, contained gR with
a volume fraction of ~0.15. The impact toughness of the steel con-
taining gR was approximately ten times higher than that of corre-
sponding samples without the presence of gR at test temperatures
between�20 �C and 20 �C. This differencewas attributed to the fact
that metastable gR has high resistance to crack propagation. Similar
results were also reported by Wang et al. [25]. Hu et al. [23] spec-
ulated that the g, when reverted at the a0 martensite grain
boundaries, improves interface cohesion because it promotes Mn
partitioning into the newly formed g, hence reducing the segre-
gation of Mn to grain boundaries [20]. Indeed segregation of Mn is
known to deteriorate cohesion of grain boundaries in martensitic
steels [18].

Kuzmina et al. [20] reported a change in impact toughness of
hot-rolled and annealed Fe-9Mn (wt%) steel as a function of both,
annealing temperature (450 �C and 600 �C) and time (10 se860 h).
When the annealing time was short (e.g. 10 s) at 450 �C, the Mn
segregation at the prior g grain boundaries of a0 martensite sub-
stantially reduced the impact toughness. However, when the
annealing time was long (e.g. 672 h) at 450 �C, reversion from a0

martensite to g at grain boundaries drastically reduced the grain
boundary segregation of Mn via partitioning from a0 into the newly
formed g phase, hence increasing the impact toughness. They also
reported that B-containing Fe-9Mn (wt%) steel exhibited higher
impact toughness compared to B-free Fe-9Mn (wt%) steel. This was
attributed to the fact that B rapidly segregates with fast kinetics to
pre-occupy the grain boundaries, and hence blocked the segrega-
tion of slowly diffusing Mn to the grain boundaries.

In contrast to these studies, Chen et al. [24] reported that hot-
rolled and annealed Fe-5.1Mn-0.04C-1.4Ni (wt%) steel with a high
volume fraction of gR (~0.14) showed a lower impact toughness at
test temperatures between �100 �C and 20 �C compared to similar
material with a lower volume fraction of gR (~0.10). This was
attributed to the circumstance that the specimen with higher gR
volume fraction had a lowermechanical stability of gR with lower C,
Mn and Ni concentrations. While the chemical composition of gR in
the steel with lower gR volume fraction was ~0.12C, ~10.41Mn and
~2.91Ni (in wt%), that of gR in the steel with higher gR volume
fraction was ~0.07C, ~7.69Mn and ~2.29Ni (in wt%).

Although some of these previous studies on the impact tough-
ness of medium Mn steels hence provided certain insights into the
influence of volume fraction and phase stability of gR on the
resulting impact toughness, the relationship between the under-
lying microstructural morphology and the toughness was not
considered so far. The microstructural morphology of annealed
medium Mn steels is known to change from a lath shape to a
globular shape by cold rolling prior to intercritical annealing [9,14].
When the hot-rolled steel is intercritically annealed, the reverse
transformation from a0 martensite to g occurs mainly along the
martensite block boundaries prior to the recrystallization of a0

martensite, resulting in lath-shaped grain morphology [9,10]. The
absence of recrystallization of the a0 martensite matrix partly leads
to the prevalence of martensitic boundaries (e.g. the boundaries of
prior g grains, packets, blocks and laths) even after intercritical
annealing [26]. However, when the cold-rolled steel is annealed,
recrystallization of the a0 martensite matrix and reverse trans-
formation from a0 martensite to g can occur simultaneously due to
the high dislocation density introduced by cold rolling, resulting in
a globular-shaped grain morphology [9].

Therefore, in this study we prepared medium Mn steel
specimens with two different microstructural morphologies,
namely, lath and globular, but with similar volume fraction and
chemical composition of the reversed austenite gR. Using the
specimens, we investigated the relationship between microstruc-
tural morphology and impact toughness at various temperatures to
derive a novel pathway to the microstructural design of medium
Mn steels for improving their low-temperature toughness which
takes microstructure morphology into account.

2. Experimental procedure

Details of synthesis andprocessingof thematerials used are given
in Ref. [26]: A 30 kg ingot of Fe-7Mn-0.1C-0.5Si (wt%) steel was pre-
pared using a vacuum induction furnace. The chemical composition
of the ingot was Fe-7.22Mn-0.093C-0.49Si-0.013Al-0.005P-0.007S
(wt%). The ingot was homogenized at 1150 �C for 12 h in an Ar at-
mosphere, hot-rolled to a ~5.5-mm thick plate at temperatures
ranging from ~1100 �C to 900 �C, and then air-cooled to room tem-
perature. The hot-rolled specimen showed a single aʹ martensite
phase without gR. The average size of the prior g grains was ~35 mm
[26]. Here,g refers to the original high-temperature austenite formed
prior to air cooling and its grain boundaries are inherited to the
as-cooled martensite structure. A part of the hot-rolled plate was
cold-rolled to ~2.0-mm thick sheets with a thickness reduction of
~55% after surface descaling.

Both the hot-rolled and cold-rolled specimens were intercriti-
cally annealed at 640 �C for 30 min using a vacuum tube furnace,
and then water-quenched to room temperature. The annealing
temperature was in between the equilibrium eutectoid (Ae1) and
ferrite start (Ae3) temperatures. Both Ae1 and Ae3 temperatures
were calculated using Thermo-Calc software in conjunction with
the TCFE7 database. Hereafter, the hot-rolled plus annealed types of
specimens are referred to as ‘HRA’ specimens and the cold-rolled
plus annealed ones are referred to as ‘CRA’ specimens.

Microstructures of both, HRA and CRA materials were probed
using a field-emission scanning electron microscope (FE-SEM;
JEOL, JSM-6500F) equipped with an electron backscattered
diffractometer (EBSD; EDAX-TSL, Digiview-IV). Specimens for EBSD
were polished using a suspension of 0.04 mm colloidal silica parti-
cles, and electro-polished in a mixed solution of 90% glacial acetic
acid (CH3COOH) and 10% perchloric acid (HClO4) at ~15 V for 60 s to
remove the layers damaged by mechanical polishing. The acceler-
ation voltage, probe current, working distance and step size for
EBSD operation were 15 kV, 12 nA, 15 mm and 30 nm, respectively.

The phase fraction in the specimens was measured using a high-
resolution X-ray diffractometer (XRD; RIGAKU, SmartLab) and Cu-
Ka1 radiation (l ¼ 1.5405 Å). Specimens for XRD characterization
were electro-polished using the same solution used as for EBSD
sample preparation. The scanning range, rate and step size were
40�e100�, 2� min�1 and 0.02�, respectively. The volume fraction of
gR was calculated using the integrated intensities of all diffracted
peaks [27].

To investigate solute segregation at grain boundaries [28,29] in
as-hot-rolled specimens, atom probe tomography (APT) was con-
ducted using a local electrode atom probe detector (Imago Scien-
tific Instruments, LEAP 5000X HR™) [30e35]. APT was performed
at a base temperature of ~50 K in laser-pulsed mode at 30 pJ pulse
energy. The wavelength, pulse rate and detection rate of the laser
were 355 nm, 500 kHz and 1.5%, respectively. The needle-shaped
APT specimens were prepared using a dual-focused ion beam mi-
croscope (FIB; FEI Helios, Nano-Lab600i) [36,37]. Specimens were
mounted on the top of standard Si micro-tips, and sharpened by
annular ion milling. Data analysis for atomic reconstructions was
conducted using the IVAS® software provided by Imago Scientific
Instruments [30e35].
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The sub-sized Charpy 45� V-notch specimens (ASTM E23) of
both hot-rolled and cold-rolled steels were machined along the
rolling direction. The dimension of the specimens was ~2.0 mm in
thickness, ~10 mm in width and 55 mm in length. Charpy impact
tests were performed at temperatures ranging from �196 �C to
50 �C. The temperature of the specimens was controlled using
water and a hot plate for elevated-temperature tests and iso-
pentane and liquid nitrogen for the sub-room temperature tests.
Testing temperatures were monitored by a K-type thermocouple.
Impact testing was for each temperature performed at least on
three separate specimens.
3. Results and discussion

Fig.1 shows EBSD image quality (IQ)-phasemaps of the HRA and
CRA specimens. Both intercritically annealed specimens have a
dual-phase microstructure of a ferrite and retained austenite
gR[26]. The phases colored in red and green correspond to a and gR,
respectively. The blue and black lines represent low-angle bound-
aries with misorientation angles below 15� and high-angle
boundaries with misorientation angles above 15�, respectively.
The HRA specimen has lath-shaped a (abbreviated as aL) and gR
(abbreviated as gL) grains due to the absence of recrystallization of
the aʹ martensite matrix prior to reverse transformation. The
average sizes of the aL and gL grains are ~300 nm and 260 nm,
respectively (Fig. 1a). The volume fraction of gL was measured to be
~0.47 using XRD [26], and the average concentrations of Mn and C
in gL were ~10.3 ± 0.7 wt% and ~0.22 ± 0.03 wt%, respectively. The
Mn concentration was measured using TEM-EDXS. The C concen-
tration was calculated using a composition sensitive phenomeno-
logical equation for the lattice parameter of g as outlined in
Ref. [26].

The CRA specimen has globular-shaped a (abbreviated as aG)
and gR (abbreviated as gG) grains due to primary recrystallization of
the aʹ martensite matrix prior to reverse transformation. The
average in-plane diameters of the aG and gG grains are both
~450 nm (Fig. 1b). The volume fraction of gG (~0.50) was slightly
higher than that of gL (~0.47) [26] because cold-rolling accelerated
Fig. 1. EBSD IQ-phase maps taken from the normal direction of (a) the hot-rolled and
annealed (HRA) specimen and (b) the cold-rolled and annealed (CRA) specimen.
Austenite is in green. Ferrite is in red. The blue lines are low-angle bounsdaries with
misorientation angles of 3�e15� . The black lines are high-angle boundaries with
misorientation angles of over 15� . IQ: image quality. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
the reverse transformation from aʹ martensite to g. The average
concentrations of Mn and C in gG were ~10.1 ± 0.5 wt% and
~0.20 ± 0.02 wt%, respectively [26].

Fig. 2 shows the variation of the Charpy impact energy values for
the HRA and CRA specimens tested at temperatures in the range
between �195 �C and 50 �C. The HRA specimen showed slightly
higher impact energies above room temperature than the CRA
specimen. Both specimens showed a drop in the impact energy
with decreasing test temperature from0 �C to�100 �C. This applied
particularly to the HRA specimens. Accordingly, the HRA specimens
possessed lower impact energy at low temperatures of � �50 �C
compared to the CRA specimens, and also showed higher DBTT
of ~ �50 �C relative to the CRA specimens (~�75 �C). The DBTT was
determined as a temperature corresponding to the half of the sum
of the upper shelf energy (the average value of impact energies
measured above room temperature) and the lower shelf energy
(the average value of impact energies measured at temperatures of
below �100 �C) [20].

For investigating the reason for the difference in impact
toughness between the HRA and CRA specimens which was
observed irrespective of the fact that they have similar volume
fractions and chemical composition of gR, XRD analysis of both
specimens was performed before and after the Charpy impact tests
at 25 �C and�196 �C (Fig. 3). Themeasured XRD volume fractions of
gR in each specimen are listed in Table 1. After impact testing, the
CRA specimens showed a higher amount of transformed gR
compared to the HRA specimens, regardless of the test temperature
(Table 1). However, the volume fraction of gR which was trans-
formed during quenching from room temperature to �196 �C was
0.15e0.17, which was similar in both types of specimens. This result
suggests that the HRA specimens had highermechanical stability of
their gR phase content compared to the CRA specimens, although
the thermal stability of gR was almost similar in both specimens.
Considering the fact that both, gL and gG had almost identical
concentrations of Mn and C, their shape and size was probably
related to the mechanical stability of gR. More specific, the data
indicate that a higher shear stress was required for the martensitic
transformation of the gL phase with a narrow width of ~260 nm,
Fig. 2. Charpy impact absorbed energy vs. impact test temperature curves of both, the
hot-rolled and annealed (HRA) specimen and the cold-rolled and annealed (CRA)
specimen.



Fig. 3. XRD patterns of (a) the hot-rolled and annealed (HRA) specimen and (b) the cold-rolled and annealed (CRA) specimen before and after Charpy impact tests at 25 �C
and �196 �C.

Table 1
Change in volume fraction of retained austenite, measured by XRD analysis, in hot-
rolled and annealed (HRA) specimens and in cold-rolled and annealed (CRA) spec-
imen before and after Charpy impact testing at 25 �C and �196 �C.

Impact test temperature HRA specimen CRA specimen

Before test After test Before test After test

25 �C 0.47 0.25 0.50 0.20
�196 �C 0.32 0.14 0.33 0.09
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compared to the gG phase fractionwith a diameter of ~450 nm. This
phenomenonwas considered to be relevant, particularly for strain-
induced martensitic transformation of such variants with a favor-
able orientation relationship between the tensile axis and the grain
orientation of gR. Therefore, the reason for the slightly higher upper
shelf energy of the HRA specimens relative to the CRA material
(Fig. 2) was the slightly higher mechanical stability of gR in the HRA
specimens.

However, since the difference in low-temperature toughness
between the HRA and CRA specimens cannot be readily explained
exclusively in terms of the difference inmechanical stability of their
respective gR phase fractions, post-mortem microstructural anal-
ysis was additionally conducted using fractured specimens. Fig. 4
shows SEM fractographs of the HRA specimens taken from
different test temperatures. The HRA specimen, which fractured at
room temperature (Fig. 4a), showed mainly a ductile-fractured
surface with fine dimples. Some portions of the fracture surface
exhibited quasi-cleavage appearance caused by rapid crack prop-
agation through strain-induced aʹ martensite [38]. When fractured
at �50 �C (Fig. 4bed), i.e. near the DBTT, the fracture surface of the
HRA specimen revealed a mixed fracture mode containing ductile
fracture portions featuring fine dimples (Fig. 4c) and brittle fracture
zones characterized by quasi-cleavage (Fig. 4b) and intergranular
fracture (Fig. 4d). The detached boundaries of intergranularly
fractured grains show both rugged facets and flat facets, and the
size of the fractured grains (~36 mm) was similar to the size of prior
g grains (~35 mm) [26]. This implies that intergranular fracture
along the boundaries of prior g grains operated partially at �50 �C.
The HRA specimen, which was fractured at �196 �C, showed
prevalent intergranular fracture without fine dimples and without
quasi-cleavage features (Fig. 4e and f). This result suggests that the
fracturemode of the HRA specimens changed from amixed fracture
mode of ductile fracture plus quasi-cleavage brittle fracture to
intergranular fracture occurring along the boundaries of prior g
grains with decreasing impact test temperature.

To reconfirm the intergranular fracture, the surface of the HRA
specimen, which was fractured at �196 �C, was observed from a
normal direction using EBSD (Fig. 5). The white lines in the EBSD
IQ-inverse pole figure (IPF) map are the grain boundaries of the
prior g grains. The boundaries are highlighted by misorientation
angles of 20�e50� in bcc phase [20] using TSL-OIM software and
retouched by image analyzer for effective visualization. The EBSD
IQ-IPF map clearly reveals that a crack had propagated along the
boundaries of the prior g grains (Fig. 5a), hence confirming inter-
granular fracture. For detailed analysis, the region around the crack
(dotted yellow box in Fig. 5a) was enlarged and probed at higher
resolution. The upper part shows the flat surface and the lower part
exhibits the rugged surface (Fig. 5b). While the flat surface is par-
allel to the elongated gL grains, the rugged surface describes a
certain angle relative to the elongated gL grains. This observation
indicates that the surface characteristics are determined by the
angle between the crack propagating along the boundaries of the
prior g grains and the elongated gL grains.

Yet, it remains still unclear why the intergranular fracture
occurred mainly along the boundaries of the prior g grains in the
HRA specimen instead of propagating along other high angle
boundaries such as along the martensitic packet or block bound-
aries. This effect can be discussed based on previous reports which
showed that the boundaries of prior g grains can carry more
segregation of alloying elements and impurities than the bound-
aries of martensitic packets and blocks [22] and the fact that such
segregation deteriorates interface cohesion [20]. To confirm the
difference in the degree of segregation pertaining to a certain type
of interfaces, APT analysis was conducted on an as-hot-rolled
specimen which was air-cooled to room temperature (Fig. 6). The
APT tip was prepared using the site-specific FIB lift-out technique
[20,30e35,39]. The needle-shaped APT sample was cut out and
milled at a location containing boundaries of prior g grains. The
location for tip extraction was identified by SEM and EBSD analysis
(Fig. 6a). Fig. 6b shows the three-dimensional APT result. C iso-
surfaces with a concentration of ~2 at.% are plotted to highlight
the decorated grain boundaries (GB1 and GB2). The C segregation to



Fig. 4. SEM fractographs of the hot-rolled and annealed (HRA) specimen fractured at (a) room temperature, (b, c, d) �50 �C and (e, f) �196 �C. (c) and (d) highly magnified images
taken at the region marked by the white boxes of (I) and (II) in (b), respectively, and (f) a highly magnified image taken at the region marked by the white box in (e).

Fig. 5. (a) EBSD IQ-IPF map taken from the normal direction of the hot-rolled and
annealed (HRA) specimen fractured at �196 �C and (b) EBSD IQ-phase map taken at
the region marked by the yellow box in (a). IQ: image quality; IPF: inverse pole figure.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the boundaries is assumed to occur primarily during air cooling at
temperatures of below the martensite start (Ms) temperature due
to the high mobility of the C atoms [20,39]. The Ms temperature of
the present steel was calculated as ~275 �C usingMahieu's equation
[40].

Fig. 6c shows the one-dimensional elemental profiles corre-
sponding to interfaces GB1 and GB2. While GB1 revealed only C
segregation, GB2 was decorated by C, Mn and P. Both Mn and P are
known as harmful elements reducing grain boundary cohesion
[20]. As substitutional Mn and P atoms cannot diffuse sufficiently
far below the Ms temperature, both elements must have segregated
to the boundaries already in the single phase g region at high
temperatures above Ms. This observation indicates that GB2 is a
prior g grain boundary and GB1 is a boundary pertaining to
martensite packets or blocks which formed at low temperatures
below the Ms temperature. This result is in good agreement with
previous atom probe observations reported by Morsdorf et al. [41]
and Hutchinson et al. [42]. Thus we can confirm that the segrega-
tion of Mn and P atoms at the prior g grain boundaries indeed
deteriorate interface cohesion, promoting intergranular cracking at
low temperatures below ~�50 �C.

Fig. 7 shows the surfaces of CRA specimens fractured at different
temperatures. Like observed for the HRA sample, the CRA spec-
imen, which was fractured at room temperature (Fig. 7a), had a
large ductile-fractured regionwith fine dimples and a small brittle-
fractured region featuring quasi-cleavage zones. When the CRA
specimenwas fractured at �100 �C (Fig. 7bed), i.e. below the DBTT
(�75 �C), it still revealed fine dimples (white arrows in Fig. 7c) and
quasi-cleavage features (yellow dashed lines in Fig. 7b and c). In
addition, intergranular fracture (green arrows in Fig. 7c and d) was
also observed. When the CRA specimenwas fractured at �196 �C, it
exhibited only intergranular fracture without fine dimples and
quasi-cleavage features (Fig. 7e and f). The average size of inter-
granularly fractured grains (green arrows in Fig. 7c and d) was
~500 nm, which is similar to the average size of both the aG and gG
grains (~450 nm) (Fig. 1b). This result suggests that the fracture
mode of the CRA material changed from ductile and partly quasi-
cleavage fracture to intergranular fracture with decreasing impact
test temperature from room temperature to �196 �C.

To examine the mechanism of intergranular cracking at low
temperature, the surface of the CRA specimen, which was fractured
at �196 �C, was observed from a normal perspective using EBSD
(Fig. 8). The dark gray grains in the EBSD IQ map (Fig. 8a) were
interpreted as thermally-induced or strain-induced aʹ martensite
grains, since the EBSD signals indicated a bcc lattice structure with
low confidence index (CI) values due to significant lattice distortion
(Fig. 8b). The EBSD maps revealed that the crack, initiated from the
V-notch of the specimen, had primarily propagated along the
boundaries of both the aG and aʹ martensite grains and that there
were few gG grains at the fractured surface. This result indicates
that the gG grains near the crack were exposed to high stress
concentrations and thus transformed to aʹ martensite. The



Fig. 6. (a) SEM and EBSD IQ-IPF maps taken from the normal direction of the as-hot-rolled specimen which was air-cooled to room temperature showing the boundaries of prior g
grains in terms of white lines. (b) Three-dimensional APT result of a needle-shaped specimen containing two grain boundaries. The needle-shaped specimen was milled at the
region marked by the yellow box in Fig. 6a, and the C iso-surface with the concentration of 2 at.% was used to highlight the decoration of the grain boundaries. (c) One-dimensional
element profiles obtained by scanning grain boundaries in Fig. 6b. IQ: image quality; IPF: inverse pole figure; APT: atom probe tomography. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. SEM fractographs of the cold-rolled and annealed (CRA) specimen fractured at (a) room temperature, (b, c, d) �100 �C and (e, f) �196 �C. (c) a highly magnified image taken
at the region marked by the white box in (b), (d) a highly magnified image taken at the region marked by the white box in (c), and (f) a highly magnified image taken at the region
marked by the white box in (e).
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intergranular crack was hence proceeding along the boundaries of
aG, thermally-induced aʹ martensite and strain-induced aʹ
martensite grains. The intergranular cracking occurring along the
boundaries of fine aG and aʹ grains in the CRA specimen is quite
different from that propagating along prior g grain boundaries
decorated with Mn and P observed in the HRA specimen (Fig. 9).
This difference in intergranular cracking behavior and low-
temperature toughness can be fully attributed to the underlying
different microstructural morphologies of the two types of speci-
mens. It is remarkable that such profound differences arise even for
two types of microstructures that can both be readily obtained for a
medium Mn steel with identical chemical composition.

From the impact tests and post-mortem microstructural
analysis, we conclude that the weakest feature in the microstruc-
ture is the prior g grain boundaries. In the HRA samples, the grain
boundary segregation content is inherited from the g into the
martensitic state and even the g reversion treatment in conjunction
with the associated elemental partitioning is not sufficient to
significantly improve the cohesion of these solute decorated weak
prior g grain boundaries. However, in contrast to quenched and
tempered medium carbon steels, most medium Mn steels can be
subjected to cold rolling for a range of alloy compositions. In
combination with a subsequent intercritical annealing treatment it
is thus possible by primary recrystallization, i.e. a reconstructive
mechanism, of the deformed martensite to completely sweep and
hence eliminate these weak prior g grain boundaries. The



Fig. 8. (a) EBSD IQ map and (b) EBSD IQ-phase map taken from the normal direction of
the cold-rolled and annealed (CRA) specimen fractured at �196 �C. In the phase map,
austenite is in green, ferrite is in red. The blue lines are low-angle boundaries with
misorientation angles of 3�e15� , and the black lines indicate high-angle boundaries
with misorientation angles of over 15� . IQ: image quality. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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corresponding improvement is clearly visible from our results,
especially the increased lower shelf energy for the CRA sample and
the reduced DBTT. Therefore, we suggest that appropriate cold
working or warmworking, leading to enhanced dislocation density
storage, should be performed prior to intercritical annealing of
medium Mn steels for promoting recrystallization of the aʹ
martensite matrix. Such a straightforward procedure is expected to
eliminate the inherited weak prior g grain boundaries and thus
improve the impact toughness of medium Mn steels at low
temperatures.
Fig. 9. Schematic sketch showing the difference in intergranular cracking occurring durin
structural morphologies after annealing. g is reverted austenite, gL is lath-shaped retained
ferrite and aG is globular-shaped ferrite.
4. Conclusions

We studied the effects of prior austenite (g) grain boundaries
and microstructural morphology on the impact toughness of an
annealed Fe-7Mn-0.1C-0.5Si (wt%) medium Mn steel. Two types of
microstructures were produced, one type via hot-rolling plus
annealing (HRA) and another one by cold-rolling plus annealing
(CRA). Both types of specimens had a dual-phase microstructure
consisting of retained austenite (g) and ferrite (a) after intercritical
annealing.

(1) Both, the HRA and CRA specimens were characterized by a
transition in fracture mode from ductile and partly quasi-
cleavage fracture to intergranular fracture with decreasing
impact test temperature from room temperature to �196 �C.

(2) The HRA specimens exhibited a higher ductile to brittle
transition temperature (DBTT) and lower impact energy at
low temperatures below �50 �C compared to the CRA
specimens; e.g. the DBTT of HRA and CRA specimens was
~�50 �C and ~�75 �C, and the impact energy at �195 �C of
them was ~40 J cm�2 and ~120 J cm�2, respectively. Both
types of specimens failed by intergranular cracking. The
intergranular cracks in HRA specimens propagated primarily
along the boundaries of the prior austenite grains with a size
of ~35 mm, but those in the CRA material propagated along
the boundaries of the ferrite and aʹ martensite grains with a
much finer size of ~450 nm.

(3) The main reason for intergranular cracking along the prior
austenite grains in the HRA specimen was the segregation of
Mn and P at the grain boundaries occurring during homog-
enization, hot rolling and air-cooling prior to intercritical
annealing. The boundaries of martensitic packets or blocks
were decorated only by C, since substitutional diffusion of
Mn and P towards the grain boundaries at low temperature
below the Ms temperature of ~275 �C was too slow.
g the low-temperature impact test in two types of specimens with different micro-
austenite, gG is globular-shaped retained austenite, aʹ is martensite, aL is lath-shaped
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(4) Cold or warm working prior to intercritical annealing of
medium Mn steels promotes primary recrystallization of
their formable aʹ martensite matrix prior to reverse trans-
formation so that the solute-segregated boundaries of coarse
prior austenite grains can be eliminated. We refer to this
effect as ‘prior austenite grain boundary break-up’ mecha-
nism. It results in the improvement of the low-temperature
impact toughness of medium Mn steels.
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