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A new approach for the development of medium Mn AHSS is proposed in this work. It exploits a fine scale
(~100 nm) chemical patterning ofMn in austenite thatmay be obtained by the austenitisation of a pearlite struc-
ture formed under conditions with strong Mn partitioning between ferrite and cementite. The resulting ‘ghost
pearlite’ ferrite/austenite can be subsequently treated to exhibit an interesting combination of ultimate tensile
strength (UTS) (1600–2100 MPa) and ductility (7–10% elongation). The simple steel composition and very
short processing provides a UTS-ductility combination similar to maraging steels and super bainitic steels.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Third generation advanced high strength steels (AHSS) are multi-
phase composite materials that exploit the stress or strain induced
transformation of austenite to achieve impressive combinations of duc-
tility andUTS. Thematerials containmuch lessMn than the fully austen-
itic, second generation AHSS, but more than the first generation AHSS
(e.g. TRIP steels) and are therefore often referred to as ‘medium Mn’
steels. A critical aspect of their design is the control of austenite stability
so that its transformation into martensite is tuned as a function of tem-
perature, strain and strain-rate to maximise the UTS-ductility combina-
tion obtained. The austenite stability depends on its size and shape, as
well as the mechanical constraints imposed by the surrounding phases,
but the dominant factor is its composition, particularly the C and Mn
contents. The Quench and Partitioning treatment (Q + P) uses a low
temperature (250–500 °C) [1] anneal to enrich the austenite in carbon
by diffusion from the martensite in a martensite/austenite aggregate.
This is almost always accompanied by some precipitation of carbides
in themartensite so the partitioning of carbon to the austenite is incom-
plete and this must be accounted for in the alloy and process design. At
such low temperatures, there is no long-range partitioning of the substi-
tutional Mn in Q+ P. Intercritical annealing is another approach where
the alloy is first treated in the austenite + ferrite two phase field at ele-
vated temperatures (600–900 °C) during which the austenite is
enriched in bothMn and C, and the austenite then partially decomposes
during cooling leaving some remaining metastable austenite. The final
properties of the steels are very sensitive to the intercritical anneal
and the starting structure of the alloy.
(C.R. Hutchinson).

ier Ltd. All rights reserved.
In this contribution, we present an alternative processing route for
controlling both the stability and spatial distribution of metastable aus-
tenite in a ferritic matrix in medium Mn steels. The approach exploits
the pearlite transformation at relatively low temperatures (b600 °C)
to create a layered structure of ferrite and cementite. The cementite
formed in steels with significant Mn contents is strongly enriched in
Mn during the pearlite transformation [2], even when formed at low
temperatures, because the Mn partitioning takes place in the transfor-
mation interface itself which acts as a short-circuit diffusion path. Mn
enrichments in the cementitemay reach the order of 40% [2]. The pearl-
ite transformation is a fast transformation and strongly partitioned
pearlite may form in the space of an hour or two at temperatures of
500–600 °C. If this partitioned pearlite is subsequently austenitised by
a short thermal treatment at a suitable temperature, it is possible to ob-
tain a fully austenitic state, but where the austenite retains the chemical
patterning in Mn present in the pearlite. This has sometimes been re-
ferred to as ‘ghost pearlite’ [3,4]. When the chemically patterned aus-
tenite is cooled, it is possible to obtain a layered structure of ferrite/
martensite and metastable austenite (enriched in Mn and C) with a
length scale similar to the lamellar spacing of the pearlite. This creates
a new type of multiphase microstructure of ferrite and metastable aus-
tenite that is both strong (due to the fine length scale) but also able to
exploit the metastability of the austenite to obtain good ductility.1 As
will be shown, the structures and properties obtained bear resemblance
to ‘super bainite’ structures although the processing requires 1–4 h of
thermal treatments rather than days or months [5–8].
1 Towards the completion of this work, a similar design concept using pearlite as a
starting structure was suggested by the group of Dr. Hao Chen (Tsinghua University) dur-
ing the ALEMI meeting at Tsinghua University (2017).
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To demonstrate the approach, we have used a medium carbon Fe-
0.51C-4.35Mn (wt%) steel. At each stage of the process, both the tensile
response and the microstructure have been characterised to illustrate
the design rationale. To produce this steel, a hot-rolled and then cold-
rolled Fe-0.1C-4.6Mn (wt%) alloy was carburized in an atmosphere of
CO/CO2 at 910 °C for 24 h. This carbon content was chosen so a 100%
pearlitic microstructure could be formed on cooling. A fully pearlitic
structure has been used to simplify the introduction of the concepts
and the interpretation of the strain hardening behaviour. In this respect,
the properties obtained should not be directly compared with 3rd Gen
AHSS that have much lower carbon contents, although the concept in-
troduced here can be easily extended to these steels and will be subse-
quently discussed.

Tensile tests were performed on an Instron 4505, operating with a
crosshead speed of 0.02mm/s and using a 10mmextensometer. Tensile
samples with a gauge length of 12mm, width of 5 mm and thickness of
1mmwere prepared from the cold-rolled sheet using electric discharge
machining. The microstructure, and particularly the partitioning of Mn,
was characterised using scanning transmission electron microscopy
(STEM, FEI Tecnai F20) equipped with energy-dispersive spectroscopy
(EDS). TEM foils were prepared using a focussed ion beam (FIB).
Phase fractions were determined using X-ray diffraction (XRD) and
the data were collected with Co Kα radiation on a Bruker D8 advance
diffractometer with a Lynxeye position sensitive detector. Samples
were finished with colloidal silica suspension polishing. The XRD data
was analysed using whole-pattern Rietveld method [9] as embodied
in the software package TOPAS (version 5, Bruker AXS).

The initial pearlite was formed by furnace cooling from the carburi-
zation temperature of 910 °C directly to 575 °C and holding for 4 h. The
samples had a relatively large prior austenite grain size of ~50 μmdue to
the carburization time and hence the need to hold for 4 h to obtain full
pearlite transformation. In a material of more conventional prior aus-
tenite grain size of 10 μm, the pearlite transformation would be com-
pleted within ~1 h.

The engineering stress-strain curve from the fully pearlitic sample is
shown in Fig. 1a. As will be shown in Fig. 2, this pearlite contains an in-
terlamellar spacing of ~100nmand Fig. 1 is a typical tensile response for
pearlitic samples with similar lamellar spacings [10]. A bright field TEM
image of the pearlite is shown in Fig. 2a. The interlamellar spacing is
~80 nm which is within the range of spacings observed by Marder
and Bramfitt for eutectoid steels transformed at the same temperature
[11]. An EDS line profile across the lamellae is shown in Fig. 2b demon-
strating the strong partitioning of Mn to the cementite. U-fractions of
Mn between 26 and 30% are obtained. This corresponds to 20–23 at.%
Mn in the cementite and is close to the value expected from local
Fig. 1. (a) Engineering stress-strain curves, and (b) Corresponding true strain hardening rate ve
in this figure, the reader is referred to the web version of this article.)
equilibrium (27 at.%) in this composition at this temperature (calculat-
ed using Thermocalc and the TCFe8 database).

Tensile samples consisting of this fully pearlitic microstructure were
reaustenitised at 770 °C (slightly above the Ac3 of 760 °C measured
using dilatometry) in a salt bath for 20 s followed by air cool. The tensile
response of these samples can be seen in Fig. 1a. After re-austenitisation,
the samples fail abruptly at a stress of around 1GPawith limited plastic-
ity. This is almost certainly due to the high carbon, brittle martensite
formed during cooling from the re-austenitised state. A TEM micro-
graph showing the ferrite/martensite and thin austenite layered struc-
ture can be seen in Fig. 2c. The layer spacing in this image is 55 nm.
The corresponding EDS line scan is shown in Fig. 2d. SomeMn redistri-
bution has occurred in the austenite during the 20 s re-austenitisation,
reducing the Mn enrichment to a U-fraction of 10%, but the chemical
patterning developed by the initial pearlite transformation remains.
The phase fractions present in this chemically patterned, layeredmicro-
structure have been quantified using XRD. The XRD pattern and the fit
profile from full pattern Rietveld refinement are shown in Fig. 3a. The
layered structure consists of ferrite and austenite, with an austenite
fraction of 17.4%± 1%. To obtain good fits in the refinement, it was nec-
essary to include both BCC and BCT phases. This is not surprising and
represents the ferrite formed diffusionally during the cool from the
austenitisation temperature and the martensite.

To solve the issue of the brittleness of the chemically patterned and
layered structures (Fig. 2c), the structures have been given a low tem-
perature tempering. The re-austenitised and air cooled samples were
tempered in a salt bath at temperatures between 300 °C and 500 °C
for 30 s or 2min followed by air cool. The tempering relaxes and slightly
softens the martensite.

The tensile response of three tempering treatments are shown in
Fig. 1a – 500 °C 2 min, 400 °C 30 s and 300 °C 30 s. These tempering
treatments result in yield strength-UTS-ductility combinations of
1130 MPa–1550 MPa – 7%, 1190 MPa–1750 MPa – 10%, and
1030 MPa–2100 MPa – 7%, respectively.

Fig. 1b includes the Kocks-Mecking plots of the samples after the
different treatment conditions, presenting the change in strain
hardening rate (dσ/dε) as a function of true stress. The sample tem-
pered at 500 °C for 2 min (green curve) shows a slight TRIP effect at
800–1200 MPa true stress (Fig. 1b). Although the TRIP effect is not as
obvious as in the reaustenitised samples without tempering, the de-
crease in the strain hardening rate is significantly slower than that
of the initial pearlite. This relatively high tempering temperature of
500 °C leads to austenite decomposition and the volume fraction of aus-
tenite prior to the tensile test is measured by XRD to be only 3.5–4%
(Table 1) and all of it transformed during the tensile test.
rsus true stress curves (Kocks-Mecking plots). (For interpretation of the references to color



Fig. 2. STEMbrightfield images and EDS line scans of a, b) initial pearlite, c, d) pearlite reaustenitised at 770 °C for 20 s followed by air cool and e, f) pearlite tempered at 400 °C for 30 s after
re-austenitisation.
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The tempering treatment of 400 °C for 30 s provides a very interest-
ing yield strength-UTS-ductility combination of 1190 MPa–1750 MPa-
10%. This condition shows a more pronounced TRIP effect at higher
stress levels (~1200 MPa) (purple curve, Fig. 1) compared to the sam-
ples tempered at 500 °C. A bright field TEM micrograph of the sample
after 400 °C tempering is shown in Fig. 2e. The restored deformation
structure in the ferrite/martensite region due to the tempering can be
seen by comparing Fig. 2c and e. The EDS line profile in Fig. 2f demon-
strates theMn chemical patterning after the re-austenitisation and tem-
pering at 400 °C for 30 s. In this case, the chemical patterning has a
spacing of 185 nm, compared with 55 nm in Fig. 2c and 80 nm in Fig.
2a. These pattern spacings are a reflection of the distribution of lamellar
spacings present in the initial pearlite, even when formed under iso-
thermal conditions. Such spreads in lamellar spacings are consistent
with previous reports [12,13]. The chemical patterning of Mn highlights
an important advantage of this processing approach – by controlling the
re-austenitisation and tempering treatments, the Mn diffusion profile
may be specifically tailored to provide a controlled spectrum of austen-
ite stabilities, for example for controlled transformation as a function of
straining.
Fig. 3. Selected XRD patterns measuring austenite (FCC) fractions at different stages of heat tre
cool, sample containing ~18.5% austenite. After intercritical annealing at 770 °C for 20 s follow
tempering and (c) all the austenite transformed after deformation. Phase fractions are reporte
The corresponding XRD pattern in Fig. 3b shows sharpened BCC re-
flections (cf. Fig. 3a). As anticipated, this shows that the tempering
of martensite regions is beneficial to avoid the premature failure. Com-
pared to the 500 °C tempered sample, themajor difference is that 400 °C
tempered sample is able to generate additional strain hardening at
stresses higher than 800 MPa.

The volume fraction of retained austenite in the 400 °C tempered
sample is 9–10% (Fig. 3b and Table 1), and all of it has been utilized
for the TRIP effect during the tensile test since no retained austenite is
detectable in XRD of the fractured gauge (Fig. 3c).

If instead the tempering is performed at 300 °C for 30 s, the yield
strength is ~1 GPa, the UTS is 2.1 GPa and the total elongation is ~7%
(Fig. 1a). These properties are comparable to themechanical properties
of nanobainite (e.g. yield strength 1–1.5 GPa and UTS 1.5–2 GPa [14]),
which requires heat treatments in the range of 125 °C and 325 °C for
many days [6,15].

The strain hardening behaviour (orange curve, Fig. 1b) of the 300 °C
tempered sample is different to those tempered at 400 °C and 500 °C.
The strain hardening rate is higher at lower stress level but continuously
decreases without a discernible hump when stress increases. The
atments and tensile tests: (a) after intercritical annealing at 770 °C for 20 s followed by air
ed by air cool and tempered at 400 °C for 30 s, (b) austenite reduced to 9.69 vol% during
d for each condition and the Rietveld errors are included in the bracket.



Table 1
Austenite volume fractions measured using XRD after different heat treatments and ten-
sile tests.

Sample description Austenite volume fraction (%)

770 °C 20 s: Tensile head 17.4 ± 1
770 °C 20 s + 500 °C 2 min: Tensile head 3.8 ± 1
770 °C 20 s + 500 °C 2 min: Tensile gauge None
770 °C 20 s + 400 °C 30 s: Tensile head 9.6 ± 1
770 °C 20 s + 400 °C 30 s: Tensile gauge None
770 °C 20 s + 300 °C 30 s: Tensile head 22.6 ± 2
770 °C 20 s + 300 °C 30 s: Tensile gauge 11.1 ± 1
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differences come from the amount and local chemistry of retained aus-
tenite and how it transforms with strain. The volume fraction of the
retained austenite after tempering at 300 °C is ~22% (Table 1), which
is similar to the as-austenitised sample. 300 °C is a temperature where
the brittlemartensite can be relaxed but the stability of retained austen-
ite can be maintained. When the fractured gauge is examined by XRD,
only half of the austenite is TRIPed during tensile deformation in the
300 °C tempered sample (Table 1) and the stress-strain curve did not
reach Considere's criterion before failure. A better combination of
strength and elongation will be possible by dedicated studies to control
the stability (and stability distributions) of the austenite.

Interesting combinations of strength and ductility were obtained in
this study using the chemical patterning of austenite from an initial
pearlite microstructure with Mn enriched cementite lamella. De Moor
et al. [15] have summarised strategies for developing third generation
AHSS and the mechanical properties (elongation versus UTS) resulting
from different processing approaches. The approach of chemical pat-
terning of austenite to produce AHSS is capable of producing UTS-duc-
tility combinations in the property range shown by ultrafine bainitic
steels. Morphologically, the fine chemically patterned austenite pro-
vides high strength but also geometric constraints to improve the aus-
tenite stability. The simple composition used in this study also
coincides with the cost-efficient perspective that is one of driving forces
of developing the third generation AHSS and the gradient profiles inMn
(Fig. 2) provides an opportunity for tailing not only the average austen-
ite stability but also the distributions of stability. This approachmay po-
tentially be coupled to industrial steel sheet production lines, in which
partitioned pearlite can be formed from the hot rolling step during
coiling. The re-austenitization and short time annealing (within
1 min) is fully compatible with existing continuous annealing.

A fully pearlitic structure has been used in this study to simplify the
introduction of the concepts and the interpretation of the strain harden-
ing behaviour. However, for low carbon grades ofmediumMn steels, in-
stead of generating a fully pearliticmicrostructure, one could explore an
initial microstructure of hypoeutectoid ferrite and fine pearlite. After re-
austentitisation one may then obtain islands of chemically patterned
Mn in a sea of more uniform Mn – leading to different combinations
of ferrite/austenite aggregates. In this second level of composite, the
softer hypoeutectoid ferrite would further act to accommodate the de-
formation of the brittle martensite that may form from the chemically
patterned austenite during cooling from elevated temperatures and
tempering may not be required at all.

There aremany aspects of this newapproach that need to be studied.
The amount of retainedmetastable austenite is primarily determined by
the reaustenitisation of the initial pearlite and the partitioning present
in the initial pearlite can be manipulated by controlling the bulk alloy
composition and transformation temperature. The austenitisation tem-
perature and time should be suitable to balance a sufficient fraction of
retained austenite and austenite stability controlled by Mn and C con-
tent. In the as-austenitised ghost pearlite sample, cementite is not
100% dissolved during the short austenitisation (even though the vol-
ume fraction is so low it cannot be measured by XRD) and presents as
a small fraction of small globules embedded in the austenite lamellae.
Based on the present results, it is worth increasing the reaustenisation
time or using slightly higher temperatures to fully dissolve the cement-
ite and free theMn to a larger extent to austenite. From the 300 °C tem-
pering shown, tempering is capable of relaxing the martensite and
retaining the austenite fraction (similar to the Q&P process). It is to be
further explored to investigate the embrittlement susceptibility and re-
fine the TRIP mechanism in the final state of microstructure.

In summary, a new processing route for mediumMnAHSS has been
proposed, which aims to control both the stability and spatial distribu-
tion of metastable austenite in a ferrite matrix. An ultra-fine layered
structure of austenite and ferrite is created through a short re-
austenitisation and tempering of pearlite, in which Mn retains in the
thin austenite lamellae forming layered patterns. This new type of mul-
tiphase microstructure containing ferrite and metastable austenite is
both strong (1600–2100MPa) and shows good ductility (7–10% elonga-
tion), opening a door to novel microstructural design concepts of the
third generation AHSS.
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