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Abstract: During the past thirty years, two generations of low alloy steels (ferrite/pearlite followed by bainite/martensite) have been developed
and widely used in structural applications. The third-generation of low alloy steels is expected to achieve high strength and improved ductility and
toughness, while satisfying the new demands for weight reduction, greenness, and safety. This paper reviews recent progress in the development
of third-generation low alloy steels with an M3 microstructure, namely, microstructures with multi-phase, meta-stable austenite, and multi-scale
precipitates. The review summarizes the alloy designs and processing routes of microstructure control, and the mechanical properties of the alloys.
The stabilization of retained austenite in low alloy steels is especially emphasized. Multi-scale nano-precipitates, including carbides of microal-
loying elements and Cu-rich precipitates obtained in third-generation low alloy steels, are then introduced. The structure–property relationships of
third-generation alloys are also discussed. Finally, the promises and challenges to future applications are explored.
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1. Introduction

Low alloy  steels  deliver  high  performance  at  low  eco-
nomical  cost.  Therefore,  they  are  widely  used  in  structures
such as high buildings, marine formations, bridges, and ships
[1–5].  Within  the  past  20–30  years,  the  commercial  steel
market in China has been dominated by ferrite/pearlite dual-
phase steels  (first-generation steels)  and bainitic  or  martens-
itic steels (second-generation steels) [6]. However, both types
of  steels  are  limited  by  their  microstructures.  First-genera-
tion  steels  are  highly  ductile  but  their  yield  strength  is  low,
whereas second-generation steels achieve high yield strength
but  are  disadvantaged by high yield  ratio  and poor  ductility
or  weldability.  The  increase  in  architectural  facilities,  rapid
development of equipment, and strong emphasis on environ-
mental protection has necessitated the development of struc-
tural  steels  with  higher  strength  and  better  ductility  and

toughness  (third-generation  steels)  than  the  existing  steels.
Such  developments  aim  to  maintain  structural  safety  while
saving raw material resources [7].

In 2010, the National Basic Research Program of China
(the  973  Program)  launched  a  research  project  on  the  third
phase of  new-generation  steels.  The  control  of  microstruc-
tures with multi-phase, meta-stable, and multi-scale (M3) was
proposed as a novel concept by Dong et al. [7]. Such proto-
type technologies might obtain steels with high comprehens-
ive performance, such as third-generation low alloy structur-
al  steels,  third-generation automotive sheet  steels,  and third-
generation  heat-resistant  martensitic  steels.  In  third-genera-
tion automotive sheet  steels,  high plasticity  can be achieved
by  retaining  a  large  amount  of  meta-stable  austenite  in  the
multi-phase microstructure. In fact, austenite is composed of
multi-scale-sized  grains  with  different  stabilities.  Therefore,
the M3 microstructure usually refers to a multi-phase micro- 
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structure  of  meta-stable  retained  austenite  having  a  multi-
scale grain size.

Recent studies on advanced steels commonly aim to ob-
tain  multi-phase  microstructures  containing  significant
amounts of retained austenite with controllable stability. For
this purpose, the chemical composition must contain austen-
ite-stabilizing  alloying  elements,  and  the  heat  treatment
should  favor  a  multi-phase  microstructure,  and  stabilize  the
untransformed  austenite  during  the  cooling  process.  These
requirements have been met by transformation-induced plas-
ticity  (TRIP)  [8–9],  quenching,  and  partitioning  (Q&P)
[10–11],  annealing  reverted  transformation  (ART)  [12–13],
and  twinning  induced  plasticity  (TWIP)  [14–15].  In  TRIP
and  Q&P  steels,  the  austenite  is  stabilized  by  diffusion  of
carbon  from  bainite  or  as-quenched  martensite  during  the
austempering or partitioning process, whereas in ART steels,
it is stabilized by enrichment with manganese in the reversed
austenite during intercritical annealing. The microstructure of
TWIP  steels  is  single-phase  austenite  with  high  manganese
content. From the above discussion, it appears that high car-
bon or manganese content is needed to stabilize retained aus-
tenite. Obviously, this is undesirable for casting and welding.

Shang and colleagues proposed the multi-step intercritic-
al  process  [16–17], a  novel  method  that  improves  the  com-
prehensive properties of steel. This method combines M3 mi-
crostructures  in  third-generation  low alloy  steels  to  improve
their  strength,  ductility,  and  low-temperature  toughness.  As
cyclic  heat  treatments  are  carried  out  at  high  temperatures,
multi-scale  precipitation  is  necessary  for  achieving  high
strength via  grain  refinement,  and  precipitation  strengthen-
ing. Hence, the M3 microstructure of third-generation low al-
loy structural  steels  usually  possesses  a  multi-phase  micro-
structure, meta-stable retained austenite, and multi-scale pre-
cipitates.

This  paper reviews the developmental  progress of  third-
generation low alloy  structural  steels  from several  perspect-
ives. First, it summarizes the relationship between the micro-
structure, and mechanical properties of the steels, focusing on
control of the M3 microstructure, especially by stabilizing the
retained austenite. Next, it explores the potential applications
and challenges  that  will  motivate  the  future  development  of
third-generation low alloy structural steels.

2. Alloy design and technical route

2.1. Alloy design

When  designing  the  high  strength  low  alloy  steels  for
structural applications, weldability is of primary importance.
To ensure good welding performance, the carbon equivalent

(Ceq),  and  cold  crack  sensitivity  (Pcm)  should  be  as  low  as
possible, which restricts the carbon and manganese contents.
However,  meta-stable  retained  austenite  requires  moderate
amounts of austenite stabilizers (C, Mn, and Ni). To balance
these  opposing  requirements,  the  combined  amount  of  the
added  Mn  and  Ni  does  not  exceed  ~3wt%,  with  a  carbon
content less  than  0.1wt%.  For  cost-effectiveness,  the  Ni  ad-
ditive is less than 1.0wt%. Other alloying elements (Nb, Cu,
V, and Mo) are added to different strength grades. Hence, the
prototypal  chemical  composition  of  low  alloy  structural
steels  with  the  M3-type  microstructure  is  0.08wt%–0.1wt%
C,  2.0wt%–2.5wt%  Mn,  0.3wt%–0.8wt%  Si,  0.5wt%–
1.0wt%  Ni,  0.5wt%–2.0wt%  Cu,  and  0.5wt%  Mo+Nb+
Ti+V.

2.2. Control route of the M3 microstructure

Recently, the M3 microstructure in low-carbon low alloy
steels has been formed by a novel multi-step treatment. The
multi-step  processing  and  microstructural  evolution  is
schematized in Fig.  1.  The multi-step processing consists of
three procedures. The first step is quenching after controlled
rolling or  full  austenitization,  which  disperses  the  fine  mi-
croalloying  element  carbides  precipitated  in  the  austenite,
forming bainite/martensite  with  a  high  density  of  disloca-
tions.  Therefore,  quenching obtains  a  bainite/martensite  fine
microstructure. Second, the quenched initial bainite/martens-
ite  is  reheated  to  high  temperature  in  the  two-phase  region
for  intercritical  annealing,  which  forms  reverted  austenite.
During  the  austenite  reversion  transformation,  the  austenite
stabilizers such as C and Mn partition into reverted austenite.
The resulting alloy is pre-enriched in reverted austenite, and
transforms  into  martensite  during  subsequent  cooling  to
room temperature.  The  un-reverted  structure  becomes  inter-
critical  ferrite  due  to  its  lean  alloy  and  the  recovery  effect.
Some of the dislocations are pinned by fine carbides and re-
main in the intercritical ferrite. Finally, the dual-phase micro-
structure is tempered near the Ac1 temperature, defined as the
lowest  temperature,  at  which  austenite  can  form  at  a  given
heating  rate.  In  this  process,  called  intercritical  tempering,
fine austenite  reverts  from  alloy-rich  martensite,  and  is  fur-
ther  enriched  by  partitioning.  Hence,  meta-stable  austenite
can be retained at room temperature. Nano-sized microalloy-
ing element carbides and copper continue to precipitate dur-
ing this step.

3. Mechanical properties

The mechanical  properties,  yield  strengths  and  elonga-
tions  of  different  generations  of  low  alloy  steels  have  been
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documented in the literatures [7,16–23], and are summarized
in Fig. 2(a). First-generation low alloy steels have low yield
strengths (295–460  MPa)  and  relatively  high  total  elonga-
tions  (20%–40%);  conversely,  second-generation  low  alloy
steels  have  relatively  high  yield  strength  (500–1000  MPa)
but poor ductility. However, third-generation low alloy steels
simultaneously  achieve  high  yield  strength  (500–800  MPa)
and excellent ductility, with a total elongation similar to that
of first-generation low alloy steels. Surprisingly, the uniform
elongation of third-generation low alloy steels is 10%–25%,
similar to the total elongation of second-generation low alloy
steels. The  high  ductility  is  believed to  be  related  to  the  in-
creased  work  hardening  rate  caused  by  the  austenite-to-
martensite transformation  during  deformation  (the  TRIP  ef-
fect). In conventional low alloy steels with single bainite, the

work hardening rate decreases dramatically under stain. Fer-
rite in multi-phase pipeline steels can flatten the slope of de-
cline [24]. However, third-generation low alloy steels present
a three-stage work hardening behavior similar to that of me-
dium-manganese steels  with  large  amounts  of  retained  aus-
tenite  [25]. The  work  hardening  initially  decreases,  then  in-
creases and  maintains  its  high  value  until  fracture.  The  in-
creased work  hardening  rate  is  attributable  to  the  TRIP  ef-
fect.

Meta-stable retained  austenite  with  high  stability  im-
proves  the  impact  toughness  of  third-generation  low  alloy
steels  with  the  M3 microstructure  [19,26].  Furthermore,  the
impact  toughness  is  improved  at  low  test  temperatures,
achieving  a  ductile-to-brittle  transition  temperature  (DBTT)
below −80°C.  It  is  commonly  recognized  that  highly  stable
meta-stable  retained  austenite  enhances  the  toughness  of
steels.  The  role  of  the  retained  austenite  has  been  variously
speculated  as  scavenging  harmful-elements  [27],  blocking
crack [28], and absorbing additional energy via the martens-
itic transformation during fracture [29]. However, the tough-
ness-enhancement mechanism  of  the  retained  austenite  re-
mains unclear, and may vary in different alloy systems. Pre-
liminary  studies  [19,26]  of  third-generation  low  alloy  steel
suggested  that  under  impact  tests  at  lower  temperature,  the
retained austenite  enhances  the  plasticity  before  crack  initi-
ation.  The enhanced plasticity not  only increases the energy
absorption  before  cracking,  but  also  promotes  beneficial
dimple formation during cracking. Obviously, the amount of
retained austenite  and  the  low-temperature  stability  are  cru-
cial for  improving  the  toughness  of  new-generation  low  al-
loy steels. This topic is worthy of future investigation.
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Fig. 1.    Schematic of multi-step processing and microstructure evolution.

 

0

10

20

30

40

50

60
Total elongation for different generation steels

T
o
ta

l 
el

o
n
g
at

io
n
 /

 %

300 400 500 600 700 800 900 1000
0

10

20

30

40

50

60

Uniform elongation for the third generation steels

U
n
if

o
rm

 e
lo

n
g
at

io
n
 /

 %

Yield strength / MPa

The first
generation

The second
generation

The third generation

Fig. 2.     Total elongation vs.  yield strength of different genera-
tion low alloy structural steels and uniform elongation vs. yield
strength of third-generation low alloy structural steels (for com-
parison).

Z.J. Xie et al., Recent progress in third-generation low alloy steels developed under M3 microstructure control 3



4. Microstructural characteristics

4.1. Multi-phase microstructure with meta-stable retained
austenite

Fig.  3(a) is a  representative  scanning  electron  micro-
scopy (SEM) image of third-generation low alloy steel. Such
steels have a refined multi-phase microstructure composed of
intercritical ferrite, and tempered bainite/martensite. After in-
tercritical annealing in the two-phase region, the austenite re-
versed  from  the  initial  bainitic/martensitic  microstructure  is
uniformly  distributed  along  the  prior  grain  boundaries  and
lath boundaries.  During  austenite  reversion,  austenite  stabil-
izers such as carbon and manganese in the un-reverted mat-
rix are  partitioned  into  austenite.  After  annealing,  the  alloy-
ing elements are depleted in the un-reverted matrix and form
intercritical ferrite.  The  morphology  of  this  intercritical  fer-

rite (lath-like or granular) thus depends on the initial  micro-
structure  (lath  bainite  or  granular  bainite,  respectively).
Tempered bainite/martensite  and  retained  austenite  are  uni-
formly  dispersed  within  the  ferritic  matrix.  The  distribution
and morphology of the retained austenite are revealed in the
electron  back  scattering  diffraction  (EBSD)  images,  as  seen
in Fig. 3(b). The retained austenite is small-grained (less than
1 μm in  size),  and presents  as  a  film-like  structure  between
the matrix laths and a blocky structure at the boundary inter-
sections. In X-ray diffraction analyses, the volume fraction of
retained austenite in third-generation low alloy steels was de-
termined as ~8%–26% [16–19,26,30]. It is worth noting that
stabilizing  the  retained  austenite  is  critically  important  in
third-generation low alloy steels, but is not attempted in tra-
ditional multi-phase steels [31–32].
 

4.2. Stabilization of retained austenite

While some  film-like  austenite  can  remain  in  conven-
tional  low alloy  steel  [33],  obtaining  significant  amounts  of
meta-stable retained austenite is a challenging task. In TRIP
and Q&P steels with relatively high carbon content, the aus-
tenite is stably retained by the carbon enrichment [34–35]. In
cryogenic steels  with high Ni content,  the retained austenite
is  stabilized  by  the  nickel  enrichment  during  tempering
[36–39]. Recently,  manganese  enrichment  of  reverted  aus-
tenite  during intercritical  annealing was reported to stabilize
the austenite in medium-level manganese steels [40–42]. The
retained  austenite  in  new-generation  low alloy  steels  is  also
enriched by manganese and nickel [19]. In further quantitat-
ive analyses,  the  manganese,  and  nickel  contents  that  re-
tained the  austenite  in  third-generation  steels  were  determ-
ined as ~6.8wt% and ~0.8wt%, respectively.  As carbon is a

very  important  austenite  stabilizer  with  high  diffusivity,  it
will  likely  be  enriched  in  reverted  austenite.  To  retain  the
austenite, a combined partitioning of C, Mn, and Ni has been
tried  in  reverted  austenite.  The  carbon  concentration  was
lower in the retained austenite than in conventional TRIP or
Q&P steels, and was determined as ~0.4wt% by atom probe
tomography  [43].  Clearly,  large-size  austenite  alloyed
0.4C–6.8Mn–0.8Ni (wt%) cannot be stabilized at room tem-
perature. For ultrafine grained austenite (<1 μm), martensitic
transformation  might  require  a  large  chemical  driving  force
[44–45]. In  addition,  the  martensite  start  temperature  de-
creases  with  decreasing  grain  size  of  austenite  [46–47].
These observations  suggest  that  finely  grained reverted aus-
tenite plays an important role in stabilizing austenite in third-
generation  low  alloy  steels  at  room  temperature  [44–45].
However,  the  stability  of  retained austenite  is  influenced by
many complicated  factors,  including  the  chemical  composi-
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Fig.  3.     Representative  scanning  electron  microscopy  (SEM) (a)  and  electron  back  scattering  diffraction  (EBSD)  (b)  images  of  the
multi-phase microstructure of third-generation low alloy steels.  The retained austenite is  indicated by red arrows in (a) and the red
areas in (b).
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tion,  morphology,  surrounding  matrix,  size,  and  orientation.
Therefore, the exact stabilization mechanism of austenite re-
tention in third-generation low alloy steels remains unknown,
and requires continuous efforts in future.

4.3. Multi-scale nano-precipitates

Along  with  multi-phase  microstructures  and  meta-stable
retained  austenite,  multi-scale  precipitates  determine  the
strength of third-generation low alloy steels. In third-genera-
tion low alloy steels,  multi-scale precipitates are usually ob-
tained  by  adding  microalloying  elements  (such  as  titanium,
niobium and vanadium),  and  copper.  Representative  precip-

itates obtained at different steps are presented in Fig. 4. After
intercritical annealing, large rectangular particles of diameter
~10–30  nm  and  small  spherical  precipitates  with  diameters
smaller  than  10  nm  are  dispersed  through  the  matrix,  as
shown in Fig. 4(a). In energy dispersive X-ray spectroscopy
analyses, all precipitates were enriched in Nb, and some large
and  small  precipitates  contained  Ti  and  Mo,  respectively.
The larger precipitates were (Nb,Ti)C composite carbides or
Nb(C,N) carbonitrides formed at higher temperatures during
the  controlled  rolling  process.  The  nano-precipitates  mainly
contributed to the prior austenite grain refinement. The smal-
ler (Nb,Mo)C or NbC precipitates were formed during inter-
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critical  annealing;  their  smaller  size  was  attributed  to  their
precipitation at lower temperature than the controlled rolling
temperature  [48]. Notably,  high  density  dislocations  ap-
peared in the annealed matrix, as seen in Fig. 4(a). One may
reasonably  conclude  that  these  dislocations  were  pinned  by
the nano-sized  (Nb,Mo)C  or  NbC.  The  pinning  effect  en-
hanced  the  yield  strength  by  minimizing  the  strength  loss
during the  recovery  and  new ferrite  formation  stages.  Inter-
critical  tempering  yielded  both  Nb-containing  precipitates
and copper-rich precipitates as seen in Fig. 4(b). The copper-
rich precipitates were spherical with diameters of ~5–20 nm.
Copper precipitates at lower temperature than other microal-
loying  elements  because  it  is  highly  soluble  in  the  body-
centered  cubic  (bcc)  matrix.  Copper  precipitation  begins  at
~680°C and peaks at  ~500°C. Therefore,  additional  temper-
ing at ~500°C facilitates the continuation of nano-sized cop-
per-rich  precipitation,  as  shown  in Fig.  4(c).  Note  that  the
copper-rich  precipitation  is  in  homogeneously  distributed
through the bcc matrix. The enhanced density of copper-rich
precipitate  in  tempered  martensite  implies  that  copper  also
partitions  into  reverted  austenite  by  intercritical  annealing,
increasing the copper content of the martensitic phase in the
dual-phase microstructure.  Moreover,  copper-rich  precipit-
ates  in  the  retained  austenite  were  observed  after  additional
tempering  at  500°C  [18].  Copper-rich  precipitation
strengthens  the  hard  phase  of  both  the  tempered  martensite
and the  martensite  newly  formed  from  the  meta-stable  aus-
tenite  in  the  multi-phase  microstructure.  Thus,  precipitation
in the  retained  austenite  and  the  in  homogeneously  distrib-
uted  copper-rich  precipitates  in  the  bcc  matrix  enhance  the
tensile  strength  of  the  steel.  The  tensile  strength  of  multi-
phase  microstructure  steels  is  mainly  determined  from  the
strength and volume fraction of the hard phase. Copper-rich
precipitation  selectively  precipitated  in  meta-stable  asutenite
and hard  tempered  martensite  is  a  promising  alternative  ap-
proach  for  reducing  the  yield  ratio.  Overall,  the  multi-scale
nano-precipitates improve the yield strength of third-genera-
tion low alloy steels.

5. Future prospects and challenges

The strength  of  conventional  low  alloy  steels  is  gener-
ally  enhanced  by  inducing  high  dislocations  and  nano-sized
precipitation.  However,  these  techniques  little  enhance  the
ductility,  and  may  actually  degrade  the  toughness.  Because
precipitation strengthening  and  dislocation  hardening  in-
crease  the  yield  strength  without  enhancing  the  fracture
stress,  they  decrease  the  plastic  zone  of  crack  tips  [49–50].
Meta-stable  retained  austenite  combined  with  multi-phase

and  multi-scale  precipitation  (the  M3 microstructure) signi-
ficantly  enhances  the  strength,  ductility,  and  toughness  of
third-generation  low alloy  steels;  especially,  it  improves  the
low- temperature toughness and decreases the DBTT. There-
fore,  third-generation  low  alloy  steels  with  the  M3 micro-
structure are potentially available for tough applications such
as seismic territories, low-temperature deep sea and polar re-
gions,  and  large-scale  structures  (long-span  bridges,  ultra-
large container  ships,  and marine engineering structures).  In
addition, the multi-phase, meta-stable, and multi-scale nature
of the M3 microstructure may be exploited in other materials.

Prior  to  applications,  third-generation  low  alloy  steels
must  overcome  several  problems.  The  main  concern  is  the
stability of meta-stable retained austenite in services. Owing
to the meta-stable retention, the steels are vulnerable to low-
temperature aging,  fatigue,  and  welding  and  hydrogen  em-
brittlement. An early  study on 300 grade maraging steel  in-
dicated that  the  retained  austenite  increases  the  steel  tough-
ness, but does not significantly raise the fatigue strength [51].
Recent  studies  on  bainitic  steel  [52]  and  quenching–parti-
tioning–tempering  steel  [53] suggested  that  retained  austen-
ite  improves  the  fatigue  performance  by  blunting  fatigue
crack  propagation  and  enhancing  the  plasticity  near  the  tips
of  fatigue  cracks.  As  the  stability  of  the  retained  austenite
dominates  the  fatigue  performance,  it  must  be  prioritized  in
future investigations of third-generation low alloy steels. The
other  large  challenge,  improving  the  weldability,  has  been
tackled in several studies. One promising solution is a newly
designed weld metal with the optimum combination of alloy-
ing elements (1.5wt%–2.0wt% Mn, 0.9wt%–1.2wt% Ni, and
0.2wt%–0.25% Mo)  and  a  suitably  adjusted  inter-pass  tem-
perature  during  multi-pass  welding  [54–56].  Moreover,  the
comprehensive  performance  of  the  base  material  and  weld
metal  can  be  improved  significantly  by  producing  meta-
stable  retained  austenite  via  an  appropriate  post-weld  heat
treatment  [57–58].  This  process  has  already  produced  hot
bending pipes for deep sea applications [59].

6. Concluding remarks

Multi-step  intercritical  heat  treatment  is  a  novel  method
combining a  multi-phase  microstructure,  meta-stable  re-
tained austenite, and multi-scale precipitates in low alloy sys-
tems. The microstructure is composed of intercritical ferrite,
retained  austenite,  and  tempered  bainite/martensite.  The
combined  effects  of  TRIP  and  precipitation  strengthening
boost the yield strength of low alloy steels to 500–800 MPa,
while providing  excellent  ductility  with  a  uniform  elonga-
tion  of  10%–25%  and  a  total  elongation  exceeding  30%.
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Meta-stable retention  of  austenite  in  the  low alloy  steel  im-
proves  the  impact  toughness;  especially,  it  decreases  the
DBTT of the steel. Third-generation low alloy steels with the
M3 microstructure are potentially applicable to high strength
structures in seismic areas,  long-span bridges,  ship building,
and  marine  engineering.  Currently,  these  applications  are
precluded by several challenges, such as fatigue, weldability,
and hydrogen embrittlement, which must be overcome in fu-
ture investigation.
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