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Research SummarySolid-State Phase Transformations

How would you…
…describe the overall signifi cance 
of this paper?

An innovative design procedure 
based on phase transformation 
theory has been successfully applied 
to design a new generation of ultra-
high-strength steels with desirable 
levels of toughness, properties that 
have awakened great interest in the 
technical and scientifi c community. 
The excellent properties achieved 
are mainly a consequence of 
the formation of bainitic ferrite 
plates just a few nanometers thick. 
Temperatures at which iron diffusion 
during bainite transformation 
occurs are inconceivable. In that 
sense, the microstructure and its 
characterization at an atomic level 
represent a scientifi c milestone.

…describe this work to a materials 
science and engineering professional 
with no experience in your technical 
specialty?

The alloys designed in this work 
present the highest strength/toughness 
combinations ever recorded in bainitic 
steels. These alloys show better 
mechanical properties of the quenched 
and tempered low-alloy martensitic 
steels and match the critical properties 
of maraging steels, which are at least 
thirty times more expensive. Moreover, 
this work has revealed that bainite 
can be obtained by transforming at 
very low temperatures. This has the 
consequence that the plates of bainite 
are fi ne-scale, 20–40 nm thick, so that 
the material becomes very strong. 

…describe this work to a layperson?

A simple, ingenious, and inexpensive  
way of producing a very strong 
steel has been developed. This new 
form of steel is called NANOBAIN. 
It is incredibly strong and tough. 
This is because it contains crystals 
which are only a few billionths of a 
meter in thickness. The fi ne crystals 
are generated at relatively low 
temperature, no hotter than those 
needed to cook a pizza. NANOBAIN is 
a material with a promising future.

 An innovative design procedure 
based on phase transformation theory 
alone has been successfully applied 
to design steels with a microstructure 
consisting of a mixture of bainitic fer-
rite, retained austenite, and some mar-
tensite. An increase in the amount of 
bainitic ferrite is needed in order to 
avoid the presence of large regions of 
untransformed austenite, which under 
stress decompose to brittle martensite. 
The design procedure addresses this 
diffi culty by adjusting the 

oT  curve 
to greater carbon concentrations with 
the use of substitutional solutes such 
as manganese and chromium. The con-
cepts of bainite transformation theory 
can be exploited even further to design 
steels with strength in excess of 2.5 GPa 
and considerable toughness. 

INTRODUCTION

 The thermomechanical control pro-
cessed bainitic steels have not been as 
successful as those that are quenched 
and tempered because of the presence 
of coarse cementite particles in the 
bainitic microstructure. The addition 
of 2 wt.% silicon to such a steel en-
ables the production of a distinctive 
microstructure consisting of a mixture 
of bainitic ferrite, carbon-enriched re-
tained austenite, and some martensite. 
The silicon suppresses the precipitation 
of brittle cementite during bainite for-
mation, and hence should lead to an im-
provement in toughness. The essential 
principles governing the optimization 
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of such microstructures are well estab-
lished. In particular, an increase in the 
amount of bainitic ferrite in the micro-
structure is needed in order to consume 
large regions of untransformed austen-
ite, which under stress decompose to 
hard, brittle martensite.1,2 In this sense, 
the aim of this work is the design, using 
phase transformation theory, of a series 
of carbide-free bainitic steels with im-
proved properties of strength, ductility, 
and toughness for high-performance 
application.

Phase Transformation Models 
in Steels

 The bainite transformation pro-
gresses by the diffusionless growth of 
tiny platelets known as sub-units.3 The 
excess carbon in these platelets parti-
tions into the residual austenite soon 
after the growth event. Diffusionless 
growth of this kind can only occur if 
the carbon concentration of the residual 
austenite is below that given by the T

o

curve. The T
o
 curve is the locus of all 

points, on a temperature-versus-carbon 
concentration plot, where austenite and 
ferrite of the same chemical composi-
tion have the same free energy.4 The 

oT  curve is defi ned similarly but takes 
into account the stored energy of the 
ferrite due to the displacive mechanism 
of transformation. It follows that the 
maximum amount of bainite that can be 
obtained at any temperature is limited 
by the fact that the carbon content of 
the residual austenite must not exceed 
the T

o
 curve of the phase diagram. The 

design procedure avoids this diffi culty 
in two ways: by adjusting the T

o
 curve 

to greater carbon concentrations with 
the use of substitutional solutes and by 
controlling the mean carbon concentra-
tion.1,2

 Bainite is formed below the oT
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Table I. Actual Chemical Composition of Designed Advanced Bainitic Steels (in wt.%)

Steel C Si Mn Ni Cr Mo V

First Set of Alloys
 Ni1 0.31 1.51 <0.01 3.52 1.44 0.25 0.10
 Ni2 0.30 1.51 <0.01 3.53 1.42 0.25 —
Second Set of Alloys
 CENIM 1 0.29 1.50 2.25 — — 0.26 —
 CENIM 2 0.29 1.46 1.97 — 0.46 0.25 —
 CENIM 3 0.29 1.49 1.56 — 1.47 0.25 —
 CENIM 4 0.27 1.71 1.53 1.47 0.17 0.24 —
Low-Temperature Bainite
 NANOBAIN 0.98 1.46 1.89 — 1.26 0.26 0.09
 (at. %) (4.34) (2.76) (1.82) — (1.28) (0.14) (0.09)

temperature when G  < –G
SB

 and  
G

m
 < G

N
, where G

SB
  400 J mol–1 

is the stored energy of bainite4 and  
G  is the free energy change accom-

panying the transformation of austenite 
without any change in chemical com-
position. The first condition therefore 
describes the limit to bainite growth. 
The second condition refers to nucle-
ation; thus, G

m
 is the maximum molar 

Gibbs free energy change accompany-
ing the nucleation of bainite. G

N
 is a 

universal nucleation function based on 
a dislocation mechanism of the kind as-
sociated with martensite.5 The temper-
ature dependence of G

N
 is independent 

of chemical composition; together with 
the growth condition, the function al-
lows the calculation of the bainite start 
temperature, B

s
, from a knowledge of 

thermodynamics alone.
 Apart from controlling the oT  curve 
and B

s
 temperature, substitutional sol-

utes also affect hardenability, which is 
an important design parameter to avoid 
transformations such as proeutectoid 
ferrite and pearlite. For this purpose, 
thermodynamic and kinetics models 
developed to allow the estimation of 
isothermal and continuous transforma-
tion diagrams, from a knowledge of 
the chemical composition of the steel 
concerned, were used in the design pro-
cess.6–10 The output parameters of the 
models are: t

dif
, which is the minimum 

time at the ferrite and pearlite nose in 
the time-temperature-transformation 
(TTT) diagram; t

displ
, which represents 

the minimum time at the bainitic nose 
in the TTT diagram; and V

b
, which in-

dicates the maximum volume fraction 
of bainite formed at a given transfor-
mation temperature according to the 

oT  curve. There are other output pa-
rameters such as the martensite and 
Widmanstätten start temperatures.

DESIGN OF ADVANCED 
BAINITIC STEELS

 In previous research carried out by 
H.K.D.H. Bhadeshia and D.V. Ed-
monds1,2 and V.T.T. Miihkinen and 
D.V. Edmonds,11–13 it was found that 
carbide-free bainite is in principle an 
ideal microstructure from many points 
of view. In particular, the steel has a 
high resistance to cleavage fracture 
and void formation due to the absence 
of fine carbides. There is a possibility 

of simultaneously improving strength 
and toughness because of the ultrafine 
grain size of the bainitic ferrite plates, 
and of further enhancing the toughness 
by a transformation-induced plasticity 
effect.
 These original experiments1,2 were 
carried out in order to demonstrate 
the role of the T

o
 curve in greatly in-

fluencing the mechanical properties of 
carbide-free bainitic steels. The experi-
mental alloys developed for this purpose 
are not necessarily the optimum alloys 
from the point of view of mechani-
cal properties. The aim was to use the 
combination of the models mentioned 
above to produce the best possible al-
loys, with microstructures produced 
by continuous cooling transformation, 
building on the previous work.1,2

First Set of Designed Bainitic 
Steels Containing Nickel 

 The first set of alloys proposed fol-
lowing a very large number of theoreti-
cal investigations are listed in Table I. 
The alloys contain Ni, V, and Cr for 
hardenability, Si to prevent the pre-
cipitation of cementite during bainite 
formation, and Mo to prevent temper 
embrittlement due to P in the alloy. 
In order to reach high strength (1,100 

Figure 1. Scanning and transmission electron micrographs of the designed steels: (a, b) 
Ni1, (c, d) Ni2.  is bainitic ferrite and  is retained austenite.
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Table II. Quantitative Data on Microstructure and Hardness of the Designed Steels

Steel / FCT VB VM V  x  (wt.%) HV30

Ni2 (Reference) 0.81  0.06 0.08  0.05 0.11  0.01 1.03  0.03 536 ± 6
CENIM 1 / 450ºC 0.73 ± 0.04 0.24 ± 0.05 0.03 ± 0.01 0.66 ± 0.06 530 ± 7
CENIM 1 / 600ºC 0.76 ± 0.03 0.21 ± 0.04 0.03 ± 0.01 0.95 ± 0.01 522 ± 4
CENIM 2 / 500ºC 0.77 ± 0.04 0.13 ± 0.05 0.10 ± 0.01 1.14 ± 0.03 519 ± 3
CENIM 2 / 550ºC 0.80 ± 0.04 0.09 ± 0.05 0.10 ± 0.01 1.26 ± 0.07 460 ± 20
CENIM 3 / 500ºC 0.88 ± 0.02 0.02 ± 0.03 0.11 ± 0.01 1.03 ± 0.05 495 ± 15
CENIM 3 / 550ºC 0.86 ± 0.02 0.03 ± 0.04 0.11 ± 0.01 1.04 ± 0.04 505 ± 6
CENIM 4 / 500ºC 0.88 ± 0.02 0.09 ± 0.04 0.03 ± 0.01 1.26 ± 0.07 531 ± 10

FCT is interrupted accelerating cooling temperature; VB is the volume fraction of bainitic ferrite; VM is the volume fraction of 
martensite; V  is the volume fraction of austenite; x  is the carbon content in austenite.

Table III. Tensile Properties and Charpy Impact Test Results at 20ºC

 YS UTS TE Impact Energy
Steel/FCT (MPa) (MPa) (%) (J)

Ni2 (Reference) 1,054 ± 49 1,523 ± 21 25 ± 1 50 ± 1
CENIM 1/ 450ºC 1,240 ± 31 1,796 ± 21 18 ± 1 36 ± 2
CENIM 1/ 600ºC 1,204 ± 29 1,701 ± 9 16 ± 1 22 ± 1
CENIM 2/ 500ºC 1,187 ± 16 1,606 ± 30 17 ± 2 36 ± 2
CENIM 2/ 550ºC 1,128 ± 32 1,539 ± 21 16 ± 2 44 ± 2
CENIM 3/ 500ºC 1,194 ± 35 1,652 ± 6 18 ± 1 44 ± 1
CENIM 3/ 550ºC 1,204 ± 18 1,642 ± 12 18 ± 1 46 ± 2
CENIM 4/ 500ºC 1,339 ± 16 1,763 ± 18 16 ± 1 38 ± 1

FCT is interrupted accelerating cooling temperature; YS yield strength; UTS ultimate tensile strength; TE total elongation.

MPa as minimum), the amount of car-
bon was selected to be 0.3 wt.% carbon 
in the three designed alloys. Calculated 
TTT and continuous cooling transfor-
mation (CCT) diagrams suggested that 
proposed alloys had enough harden-
ability to avoid transformations such as 
proeutectoid ferrite and pearlite, if the 
steel is cooled in air after conventional 
thermomechanical processing. In that 
case, the final microstructure in the de-
signed steels was predicted to be fully 
bainitic.14

 Designed steels were prepared as 
35 kg vacuum induction melts. Ingots 
were forged down to a thickness of  
25 mm before their temperature fell be-
low 750ºC. Microstructural character-
ization revealed that the nickel alloyed 
steels in Table I had the desired mi-
crostructure consisting of carbide-free 
upper bainite (  phase) with interlath 
high carbon (~1 wt.% carbon) retained 
austenite films (  phase) (Figure 1).15 
The two steels achieved the highest 
combination of strength and toughness 
for bainitic microstructures. Toughness 
values of nearly 130 MPa m1/2 were 
obtained for strength in the range of 
1,600–1,700 MPa.15 This work dem-
onstrated experimentally that models 
based on phase transformation theory 
can be successfully applied to the de-
sign of carbide-free bainitic steels.

Newly Designed Bainitic Steels 
Containing Manganese

 More recently, a new set of alloys 
was designed to have the same bainitic 
transformation region in the TTT dia-
gram and the same oT  curve as those 
of Ni2 bainitic steel,16 while avoiding 
nickel additions for economic reasons. 
The chemical composition of the new 
alloys was selected to have t

displ
 and 

V
b
 at 400ºC similar to those of Ni2 

steel. Both parameters define bainite 
transformation according to thermo-
dynamics.7 Moreover, t

dif
 must be high 

enough to avoid the formation of pro-
eutectoid ferrite during cooling. The 
chemical compositions of the new de-
signed steels are given in Table I. Cal-
culated TTT diagrams suggested that a 
two-step cooling schedule is the most 
promising processing route to obtain a 
full bainitic microstructure in the new 
alloys. An initial rapid cooling (at least 
30ºC/s) should be performed to avoid 
the formation of proeutectoid ferrite 
during cooling. The cooling rate should 
be decreased (around 0.5ºC/s) before B

s
 

temperature is reached (around 500ºC), 
in order to cross the bainitic zone of the 
TTT diagram. According to the kinetic 
model, a full bainitic microstructure 
(volume fraction of bainite higher than 
0.75) will be formed by applying this 
two-step cooling schedule after finish-
ing rolling.
 The proposed alloys were prepared 
in a 60 kg vacuum induction furnace. 
Samples were hot rolled to ~12 mm in 
several passes, finishing at 930ºC. The 
desired bainitic microstructure was ob-
tained in all the steels by air cooling 

from different temperatures after an 
initial accelerated cooling at 70ºC/s. 
Experimental data on the microstruc-
ture are presented in Table II. Scanning 
and transmission electron micrographs 
(SEM and TEM) of fully carbide-free 
bainitic microstructures (more than 
75% of bainitic ferrite) in the four de-
signed steels are shown in Figure 2. Mi-
crostructural characterization revealed 
that the CENIM 1–4 alloys, after air 
cooling from every temperature tested, 
have the desired microstructure consist-
ing of carbide-free upper bainite. Due 
to the high volume fraction of bainitic 
ferrite in those samples, retained aus-
tenite is present as films between the 
subunits of bainitic ferrite. Both phases 
are free of carbides, as the TEM micro-
graphs confirm. 
 The corresponding mechanical prop-
erties are reported in Table III together 
with those for the reference material 
(Ni2 steel). The values presented are 
the averages of three tests. The tensile 
tests were performed at room tempera-
ture and low strain rate (0.008 s–1). 
Plates of bainitic ferrite are typically  
10 m long and ~0.2 m thick (see the 
TEM micrographs in Figure 2). This 
morphology gives a small mean free 
path for dislocation glide. Thus, the 
main microstructural contribution to 
the strength of bainite is from the ex-
tremely fine grain size of bainitic fer-
rite. It is difficult to separate the effect 
of retained austenite on the strength of 
these steels from other factors. Qualita-
tively, austenite can affect the strength 
in several ways. Residual austenite can 
transform to martensite during cooling 
to room temperature.11,12 In addition, 
retained austenite interlath films can 
increase the strength by transforming 
to martensite during testing, similar to 
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the behavior of transformation-induced 
plasticity steels.11,12 Tensile elongation 
is controlled by the volume fraction of 
retained austenite. Retained austenite is 
a ductile phase compared to the bainitic 
ferrite and would be expected to en-
hance ductility provided the austenite is 

homogeneously distributed along plate 
boundaries (film austenite). However, 
isolated pools of austenite (blocky aus-
tenite) would have an unfavorable re-
sult on both elongation and strength. 
From Table III, it is clear that the steels 
possess a combination of high strength 

and good ductility.
 Impact toughness was measured on 
normalized Charpy notched (10 mm² × 
10 mm²) samples at 20ºC with the use 
of a 300 J Charpy testing machine. 
Charpy impact test results are also list-
ed in Table III for all alloys. A consid-
erable improvement in toughness is 
obtained when the volume fraction of 
bainite increases in the microstructure. 
The results are consistent with the en-
hancement of toughness expected when 
the amount of blocky austenite and 
martensite are reduced and, in general, 
when the thermal and mechanical sta-
bility of residual austenite is increased.

Low-Temperature Bainite:  
From Micro to Nano

 A combination of the models de-
scribed above was used to produce the 
finest possible bainitic microstructure 
by transformation at the lowest possible 
temperature. From the models, NANO-
BAIN steel (Table I) was proposed to 
decrease bainite transformation tem-
peratures, increase the maximum vol-
ume fraction of bainite in the final mi-
crostructure, and to improve the harde-
nability of the steels. The carbon con-
centration was selected from calcula-
tions to suppress B

s
 temperature and to 

make austenite stronger, with the aim 
of obtaining extremely thin platelets of 
bainite. Samples were supplied as 30 
kg cast ingots. They were first homog-
enized at 1,200ºC for two days in par-
tially evacuated quartz capsules flushed 
with argon. Afterward, the sealed sam-
ples were cooled in air. The homoge-
nized specimens were then austenitized 
for 15 min. at 1,000ºC, and isothermal-
ly transformed at temperatures ranging 

Figure 3. A transmission electron micro-
graph of a microstructure obtained at 
200ºC for 15 days in NANOBAIN steel. 

 is bainitic ferrite and  is retained aus-
tenite.

Figure 2. Scanning and transmission electron micrographs of the designed steels after 
air cooling from different temperatures: (a, b) CENIM 1 / 600ºC, (c, d) CENIM 2 / 550ºC, 
(e, f) CENIM 3 / 500ºC, (g, h) CENIM 4 / 500ºC.  is bainitic ferrite and  is retained 
austenite.

g h

e

c d

a b
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from 125ºC  to 500ºC for different 
times before quenching into water.
 A transmission electron micrograph 
of NANOBAIN transformed at 200ºC 
for 15 days is presented in Figure 3. 

Some of the plates of bainite are incred-
ibly thin (20–40 nm) and long, giving a 
fine scale structure consisting of an in-
timate mixture of austenite and ferrite. 
Dislocation debris is evident in both the 

bainitic ferrite and the surrounding aus-
tenite. Extensive TEM failed to identify 
carbides in the microstructure; only a 
few extremely fine (20 nm wide and 
175 nm long) cementite particles in the 
bainitic ferrite were found in samples 
transformed at 190ºC for 14 days.17 
Quite remarkably, the bainite plates 
formed at 200ºC (Figure 3) have a 
width that is less than 50 nm, with each 
plate separated by an even finer film of 
retained austenite. The small thickness 
of bainitic ferrite plates in low-temper-
ature bainite leads to hardness values in 
excess of 600 HV and strengths in ex-
cess of 2.5 GPa.17

 Theory indicates that the largest ef-
fect of bainite plate thickness is due to 
the strength of the austenite, the free 
energy change accompanying transfor-
mation, and a small independent effect 
due to transformation temperature.18 In 
this case, the observed refinement is 
mainly a consequence of the effect of 
high carbon content and the low trans-
formation temperature on increasing 
the strength of the austenite.
 Initially, transmission electron mi-
croscopy was unable to reveal carbide 
particles inside the bainitic ferrite; 
however, after a large and equivalent 
set of accumulated atom probe results, 
the presence of cementite has been con-
firmed as the lower bainite carbide de-
spite the high carbon and high silicon 
content of the steel used. An example 
of carbide particle precipitated inside 
bainitic ferrite for a sample transformed 
at 300ºC for 8 hours is shown in carbon 
and silicon atoms maps in Figure 4 
from atom probe measurements. The 
measured carbon level ( 25 at.%) al-
lows the type of carbide precipitated 
inside bainitic ferrite to be identified as 
cementite (i.e., 25 at.% for cementite 
versus 30 at.% for -carbide). It is clear 
from these results that para-cementite 
is observed (i.e., cementite formed with 
the same Fe/M atom ratio as the matrix, 
where M is a substitutional atom such 
as silicon).19 Since silicon does not par-
tition and is expected to favor the pre-
cipitation of -carbide, the absence of 
-carbide precipitation in this high-car-

bon bainitic steel can be only rational-
ized in terms of carbon trapping at dis-
locations as in the theory of tempering 
due to Kalish and Cohen.20 Atom probe 
tomography also revealed that this ex-

a

Figure 5. A carbon atom map (a) showing 
carbon clusters in bainitic ferrite after 
tempering at 400ºC for 30 min.; the 
enlarged region (b) has been rotated to 
show the analysis volume used for the 
concentration profile (c) across a carbon 
cluster.

c

b

Figure 4. (a) Carbon and (b) silicon atom maps showing a cementite particle precipitated 
inside bainitic ferrite in sample transformed at 200ºC for 10 days.

ba
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cess of carbon was trapped at disloca-
tions in the vicinity of the ferrite/aus-
tenite interface. As a result, the carbide 
precipitation sequence is modified.21 
Moreover, carbon atom maps and con-
centration profiles of bainite at early 
stages of tempering (400ºC for 30 min.) 
clearly show the presence of carbon-
enriched regions, randomly dispersed 
throughout a carbon-depleted ferrite 
matrix, as presented in Figure 5. These 
clusters are ~6 nm thick and have a 
maximum carbon content of ~14 at.%. 
Such fluctuations of solute concentra-
tion may be associated with the solute 
redistribution to dislocations in bainite, 
as explained above. These regions may 
be gradually replaced by regions even 
more highly enriched in carbon, signi-
fying the onset of -carbide precipita-
tion as the tempering temperature is 
increased.22

CONCLUSIONS

 The alloys designed in this work 
present the highest strength/toughness 
combinations ever recorded in bainitic 
steels. These alloys show better me-
chanical properties of the quenched and 
tempered low-alloy martensitic steels 
and match the critical properties of 
maraging steels, which are at least thir-
ty times more expensive. Moreover, 
this work has revealed that it is possible 
to obtain bainite by transforming at 
very low temperatures. This has the 
consequence that the plates of bainite 

are fine-scale, 20–40 nm thick, so that 
the material becomes very strong. 
When this feature is combined with the 
fact that the plates of ferrite are inter-
spersed with austenite, it becomes pos-
sible to create strong and tough steels. 
Although the results themselves are ex-
citing, the potential for commercial ex-
ploitation is large because the alloys are 
very inexpensive and easy to manufac-
ture.
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