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ADJUSTMENT OF BAINITIC HARDENABILITY 
TO MEET CRITICAL REQUIREMENTS 

FOR STEEL PRODUCTS NEW APPLICATIONS

This paper presents the results of the investigation aimed at identiÞ cation of the optimum conditions for obtaining 

the maximum volume fraction and stability of retained austenite against mechanical loading in commercial bainitic 

steel produced by Swiss Steel AG. The volume fraction and stability of this phase is crucial for achieving the advanta-

geous effect of transformation induced plasticity caused by its transformation to martensite during deformation (TRIP 

effect). The investigation has shown that in order to achieve the optimal TRIP effect in the investigated steel, the de-

composition of austenite into bainite should occur in the temperature range 430÷370°C. The range of temperatures of 

the bainitic transformation in case of continuous cooling of bars depends on their radius. For the smallest diameters, 

below 6 mm, the bainitic transformation start temperature is close to Ms temperature. However, the occurrence of re-

calescence effect slows down the rate of cooling which prevents against the martensite formation.
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REGULACJA HARTOWNO CI BAINITYCZNEJ W CELU SPE NIENIA 
KRYTYCZNYCH WYMAGA  DLA NOWYCH ZASTOSOWA  

WYROBÓW STALOWYCH

Artyku  prezentuje wyniki bada , których celem by o okre lenie optymalnych warunków dla uzyskania maksymal-

nej zawarto ci austenitu resztkowego oraz jego odpowiedniej stabilno ci na obci enia mechaniczne w komercyjnej 

stali bainitycznej produkowanej przez Þ rm  Swiss Steel AG. Udzia  oraz stabilno  decyduje o korzystnym wp ywie 

przemiany tej fazy indukowanej odkszta ceniem (z ang. efekt TRIP) na w a ciwo ci mechaniczne i u ytkowe wyrobów 

stalowych. Badania pokaza y, e dla optymalizacji efektu TRIP w badanej stali, przemiana fazowa austenitu w bainit 

powinna zachodzi  przy temperaturach z przedzia u 430÷370°C. Zakres temperatur, w których zachodzi przemiana 

bainityczna w warunkach ci g ego ch odzenia pr tów zale y od rednicy pr ta. Dla najmniejszych rednic, poni ej 

6 mm, przemiana zachodzi z austenitu silnie przech odzonego, za  temperatura pocz tku przemiany przybli a si  do 

temperatury Ms. Jednak efekt rekalescencji zmniejsza szybko  spadku temperatury, co przeciwdzia a tworzeniu si  

martenzytu w strukturze stali.

S owa kluczowe: hartowno  bainityczna, stal bainityczna, przemiany fazowe

1. INTRODUCTION

Due to a wide range of mechanical properties, ba-

initic steels are good candidate for many applications, 

for example in automobile and power generating indu-

stries, as well as in the production of premium rails or 

for armoured plates with outstanding ballistic proper-

ties [1]. In order to obtain a mass-tailored combination 

of mechanical and functional properties, the complex 

microstructure of these steels must be carefully ad-

justed in the production process. This can be done in 

several ways, including hardenability design through 

the adoption of a proper chemical composition, develo-

ping a proper austenite microstructure shaped during 

thermomechanical processing (recrystallized versus 

non-recrystallized austenite, grain size) and applying 

the relevant cooling rates after thermomechanical tre-

atment. In industrial practice, all these methods must 

be applied in a properly balanced way. One of the pro-

mising direction of bainitic steels development invo-

lves the utilisation of the TRIP effect to improve their 

properties, including fatigue strength, wear and creep 

resistance.

Next generation of car components is expected to 

be more miniature following weight reduction. High 

strength steels are than welcome in automobile indu-
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stry. On the other hand, due to larger internal stres-

ses they might be more sensitive to internal defects 

limiting the lifetime of the component. Therefore, car 

component producers ask not only for high strength le-

vel combined with high ductility but also for ”damage 

resistant microstructures”. The TRIP-assisted bainitic 

steels have unique property combinations which help 

to fulÞ l these future demands. In particular, retained 

austenite in the bainitic microstructure is expected to 

suppress the crack propagation and thus to improve 

the fatigue strength.

The paper demonstrates the capability of steel gra-

des commercially produced at Swiss Steel to develop 

the TRIP effect in conventionally hot rolled wire rods 

and bars. Subsequent production steps like peeling, 

straightening, stress-relieving will also be taken into 

account. 

The TRIP effect is controlled by the amount and 

mechanical stability of the retained austenite, as well 

as the dispersion of this phase in the microstructure. 

Although, the stability of austenite is inß uenced mo-

stly by its carbon content, it may be affected by many 

factors including the hardenability of a steel, state of 

austenite microstructure prior to transformation, and 

Þ nally, applied cooling conditions or temperature/time 

of isothermal holding [2, 3]. 

Within the present work, conditions for the optimisa-

tion of TRIP effect in a commercial bainitic steel were 

identiÞ ed. The investigation was done on laboratory 

cast. The bainitic hardenability concept was applied in 

connection with dilatometric studies and experiment 

conducted in Gleeble 3800 thermal-mechanical simu-

lator and experiments of continuous bar cooling from 

temperatures of austenite stability. 

2. CHARACTERIZATION OF BAINITIC 
MICROSTRUCTURES

In this paper, bainite is referred to as the structu-

re that forms under non-equilibrium conditions where 

ferrite (bainitic ferrite) is a leading phase and the rest 

is carbon enriched austenite and/or constituents for-

med as a result of decomposition of remaining austeni-

te after bainitic ferrite formation. It can be obtained in 

the temperature range where carbon diffusion is slow 

enough to prevent transformation of austenite into fer-

rite and pearlite, and at the same time allowing avo-

iding the martensite formation. The bainitic structures 

can be obtained either during the continuous cooling or 

during isothermal holding. Although there have been 

many researches, e.g. [4–6], focussing on the  nature 

of bainitic transformation in steels, its mechanism has 

not been fully understood so far.

Based on experimental results, two opposite mecha-

nism of bainitic transformation have been considered 

and divided the scientists from all over the world, na-

mely:

displacive as in the case of martensite, and 

diffusional – analogy to the Widmanstätten (ledge  

mechanism).

Displacive mode of transformation precludes that the 

substitutional and solvent atoms do not change their 

position over distance greater than atomic spacing. 

The bainitic ferrite/austenite interface must have glis-

sile nature as during the martensitic transformation.

The opposite – diffusional – mode of bainitic trans-

formation is based upon the assumption that bainite 

forms as a result of diffusional transformation invo-

lving so called ledge mechanism. The surface of the in-

terface has an incoherent (disordered) structure.

Generally, it is agreed that two stages are involved 

in the bainitic microstructure formation, namely:

  ce + b 

ce  b + iron carbides

where: ce stands for carbon enriched austenite and b 

for bainitic ferrite.

Thus, early classiÞ cations of bainitic structure distin-

guished two morphological types, namely, upper and 

lower bainite and the displacive mechanism of their 

formation is schematically shown in Fig. 1. According 

to this mechanism, the carbon supersaturated bainitic 

ferrite plate (called sub-unit) is formed Þ rst via displa-

ceive mode. After this event, carbon diffuses to surro-

unding austenite. The diffusion process is fast at high 

temperatures of transformation and slow at lower tem-

peratures. This is reß ected in morphological features 

of iron carbides formed during further decomposition 

of carbon enriched austenite. Accordingly, the bainitic 

ferrite laths boundaries are the preferential sites for 

the cementite nucleation in the case of upper bainite. 

On the contrary, inter laths nucleation of iron carbides 

is typical in the case of lower bainite, and the cemen-

tite particles are aligned at the angle close to 60  with 

respect to the plate longitudinal plate direction.      

Consequently, the appearance of the carbides with 

respect to bainitic ferrite can be used to distinguish 

both morphological types of bainite. This early classi-

Þ cation of bainite has been supported by varying re-

lation between strength and toughness for both types 

of bainitic structure. However, it was found that Si, 

Al or even P strongly retards the precipitation of iron 

carbides during the bainitic transformation [2]. This 

causes the enrichment of residual austenite in carbon, 

and as a consequence, decreases of Ms/Mf to room tem-

perature or below, which maintains retained austeni-

te in the structure. The effect of retained austenite on 

mechanical properties of bainitic steels has not been 

recognised until 80’s although researches indicated the 

improvement of strength versus ductility relation due 

to the presence of this constituent in their structure. 

Fig. 1. Explanation of the bainitic morphologies formation 
by means of displacive mechanism [7]

Rys. 1. Wyja nienie formowania morfologii bainitu z udzia-
em mechanizmu cinania [7]
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This improvement is signiÞ cant when the stability of 

retained austenite against the deformation is high, and 

this feature mostly depends on its carbon content. The 

improvement in strength and ductility is explained by 

the so called transformation induced plasticity (TRIP) 

effect. Namely, during the deformation, austenite gra-

dually transforms to martensite in the mostly strained 

region of the material which causes substantial work 

hardening and prevents against the plastic ß ow loca-

lisation. One of the most distinct feature of bainite is 

the incomplete transformation phenomenon which is 

manifested by the suppression of austenite decompo-

sition prior to reaching equilibrium of value for the 

transformation temperature. Bhadeshia and Edmonds 

explained this considering that the bainite ferrite for-

mation is a displacive transformation followed by par-

titioning of carbide into surrounding austenite [7]. As a 

consequence of this partitioning, new bainite subunits 

are growing from the more and more carbon saturated 

austenite. This increases the free energy of ferrite and 

decreases the free energy of austenite (Fig. 2). 

At temperature referred to as T0 both free energies 

are equal and the growth of bainite subunits is not po-

ssible anymore. However, when the stored energy of 

bainitic ferrite due to the shape changes accompanying 

transformation is taken into account, the T0 line shifts 

into a new position, which conventionally is referred to 

as T0’ line.
In the Bhadeshia and Edmons’s approach to bainitic 

transformation, the nucleation process is diffusion con-
trolled, however, the growth of bainite subunit is dif-
fussionless. The minimum driving force for nucleation 
of bainitic and Widmanstattän ferrite can be represen-
ted by the following equation:

 , ( , )
mol

J
G T3 637 273 18 2540ND = - -c m  (1)

The following conditions for bainite formation were 
deÞ ned:

  G <-GSB (2)

 Gm < GN

where:
 G – free energy change connected with difus-

sionless transformation in J/mol;

 Gm – free energy change available for nucleation 

   under diffusion in J/mol;

 GSB – is the stored energy of bainite (400 J/mol).

The difÞ culties in maintaining stable bainite mor-

phology in subsequent technological stages are connec-

ted with a strong effect of cooling rate and austenite 

microstructure on the bainitic transformation. Depen-

ding on the steel chemical composition, austenite state 

and cooling conditions, different morphological types of 

bainite microstructure can be developed (Fig. 3 and 4). 

The classiÞ cation of bainite in Fig. 3 was taken after 

Zaj c et al. [8]. In continuous cooling conditions, diffe-

rent types of bainite may be obtained which results in 

nonhomogeneous steels microstructure (Fig. 4).  

From Fig. 4, one can see that typically different ba-

inite morphologies can be developed during continuous 

cooling of a steel. Thus, the only way of obtaining the 

degenerated upper bainite, which is the most promi-

sing microstructure for advanced applications, is thro-

ugh applying the low temperature isothermal treat-

ment, i.e., below 450 C. 

Fig. 3. ClassiÞ cation of different types of bainite microstructure [8]

Rys. 3 KlasyÞ kacja ró nych typów struktury bainitu [8]

Fig. 2. DeÞ nition of the T0 and T0’ line using the thermody-
namic concept [7]

Rys. 2. DeÞ nicja linii T0 i T0’ zgodnie z koncepcj  termody-
namiczn  [7]
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3. MATERIAL AND EXPERIMENTAL 
METHODOLOGY

The chemical composition of the experimental steel 
is given in Table 1. The heat was melted in VSG100 la-
boratory furnace and cast into 70 kg ingot having cross 
section 160×160 mm. A piece of this ingot was further 
forged into rod having 15 mm in diameter. The cylin-
drical samples were machined from the rod having di-
mensions  5×7 mm for the phase transformation inve-
stigations with deformation dilatometer DIL 805A/D. 

Table 1. Chemical composition (in mas.%) of the laboratory 
heat

Tabela 1.  Sk ad chemiczny wytopów laboratoryjnych (w % 
masowych)

Heat C Si Mn S Cr Mo Ni Cu Al

S369 0.23 0.98 1.52 0.14 1.51 0.14 0.072 0.01 <0.005

Physical simulation of thermomechanical processing 
was conducted with Gleeble 3800 simulator. The plane 
strain multi-deformation experiments were conducted 
on samples with dimensions: 15 mm × 20 mm × 35 mm. 
A schematic picture showing the appearance of the as 
deformed sample and the preparation of the specimens 
for mechanical properties measurement and micro-
structure investigation is shown in Fig. 5. The scope of 
the experiments is presented in the following sections.

Light optical microscopy (LOM), scanning electron 
microscopy (SEM), electron backscatter diffraction 
(EBSD) and X-ray diffraction were used to characteri-
ze the microstructure of the specimens subject to diffe-
rent thermo-mechanical cycles. One of the main goals 
of the structure examination was the identiÞ cation of 
the retained austenite occurrence and measurement of 
its volume fraction as well as carbon content in this 
constituent.

The samples subject to the X-ray analysis were po-
lished and etched with HCL. The analysis was con-
ducted with an Empyrean difractometer using cobalt 
radiation and Pixel detector.

The experimental conditions were as follows:
angular range: 48 104  2 ;
measurement step: 0,02626  2 ;
counting time: 200 s; 
measured diffraction lines:   A: (111), (200), (220) and  
BF: (110), (200), (211).

The Averbach & Cohen’a metod was applied for the 
measurement of the retained austenite content [9]:
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where:
 I – integrated intensities of experimental lines,
 n – number of the diffraction line
 R – theoretical intensity, given by the following 
   equation: 
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where:
 a – lattice constant
 V = a

3

 LP = f(2 , 2 )
 P – multiplicity factor of atomic planes (hkl) 
 F – atomic scattering factor = f0 + f 

The High Score Plus program was used to Þ t the mea-
sured reß exes and AS program for the calculation of 
retained austenite content.

The carbon content in retained austenite, C , was cal-
culated trough lattice parameter measurement, a , and 
equation [10]:

 C  = (a  – 0.3555)/0.0044 (5)

As seen in Fig. 5, non-standard specimens were used 
in the tensile test which is connected to a small size of 
the samples subject to deformation in Gleeble 3800 si-
mulator. This affects, most of all, the assessment of the 
total elongation, however, has no signiÞ cant effect on 
the accuracy of strength properties measurement.

Fig. 4. Effect of cooling conditions on the morphology of 
bainite

Rys. 4. Wp yw warunków ch odzenia na morfologi  bai-
nitu

Fig. 5. Sample after the thermo-mechanical processing 
with Gleeble 3800 system and the specimens preparation 
for further tests

Rys. 5. Próbka po obróbce termo-mechanicznej na symu-
latorze Gleeble 3800 i przygotowanie próbek do dalszych 
bada
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4. BALANCING THE CCT DIAGRAM 
AND TRANSFORMATION KINETICS 

TO IMPROVE THE MECHANICAL 
PROPERTIES OF BAINITIC STEELS

4.1. CONTINUOUS COOLING AT CONSTANT 
COOLING RATES

Majority of rolled steel products is continuously 
cooled from the austenite state. Therefore, the Þ rst 
insight into the possible microstructural constituents 
that could be formed at different cooling conditions 
was obtained by analysing the CCT diagrams. The 
investigation was carried out after heating the speci-

Fig. 6. Microstructure of the dilatometric sample cooled at 
maximum cooling rate from 850°C; LOM

Rys. 6. Mikrostruktura próbki dylatometrycznej, ch odzo-
nej z maksymaln  szybko ci ch odzenia od 850°C; LOM

Fig. 7. CCT diagram of experimental steel

Rys. 7. Diagram CCT stali eksperymentalnej

mens up to temperature 1210°C at heating rate of 
3°C/s. The austenitizing time at this temperature was 
60 seconds. The deformation (upsetting) of the speci-
mens was performed at two temperatures: 1150°C and 
1050°C at strain rate of 1 s-1. The values of logarithmic 
strain at each temperature were assumed respectively: 

1 = 0.30 and 2 = 0.39. The cooling rate to deforma-
tion temperatures was 2°C/s. Before deformation spe-
cimens were kept at the deformation temperature for 
5 seconds. After the last deformation, the specimens 
were cooled at a rate of 50°C/s to 850°C, followed by a 5 
seconds holding time and a constant (linear) cooling. 
Applied cooling  rates were: 0.03, 0.05, 0.1, 0.25, 0.5, 
1.0, 2.0, 5.0, 10.0, 15.0, 20.0, 40.0°C/s, and maximum 
rate possible when helium was applied as cooling me-
dium. The maximum cooling rate using helium (100% 
of valve opening) was calculated as a mean cooling rate 
between 800°C and 500°C. The microstructure of the 
sample cooled with maximum cooling rate after hold-
ing at 850°C is shown in Fig. 6. The measured prior 
austenite grain size (equivalent diameter) was 32 m. 
The CCT diagram developed in the dilatometric tests 
is shown in Fig. 7. 

Microstructures of the dilatometric samples for the 
most relevant cooling conditions to industrial practice 
are shown in Fig. 8. Results of the analysis of dilato-
metric curves are presented in Table 2. The results of 
Table 2 are summarized in Fig. 9.

The data of  Table 2 show that the maximum content 
of retained austenite occurs in the microstructure of 
the dilatometric samples cooled with the narrow ran-
ge of cooling rates (0.2÷2.0 C/s) and coincides with the 
highest values of the bainitic ferrite fraction obtained 
in the samples. Thus, to be able to stabilise the auste-
nite with carbon, fraction of bainitic ferrite should be 
at least 30÷50%. 
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4.2. ISOTHERMAL HEAT TREATMENTS

The effect of the isothermal treatment on the me-
chanical properties was investigated by subjecting 
the samples to the thermal-mechanical processing in 
Gleeble 3800 simulator. The experiments comprised 
heating of the sample to 1210 C and holding at this 
temperature for 60 seconds followed by the sequence of 
deformations and controlled cooling. The stress – strain 

curve for the test is given in Fig. 10. The deformation 

temperatures and time intervals between subsequent 

deformations are also speciÞ ed in this Þ gure. The ap-

pearance of stress – strain curve shows that the static 

recrystallization of austenite is almost completed du-

ring time intervals between three last deformations. 

The cooling schedule of the samples after the last de-

formation comprised fast cooling at rate around 20 C/s 

to temperatures in the range 375÷500 C followed by 

holding at these temperatures for 50, 100 and 500 se-

Fig. 8. Microstructures of the dilatometric samples cooled at different rates; LOM

Rys. 8. Mikrostruktury próbek dylatometrycznych ch odzonych z ró nymi szybko ciami; LOM

0.5oC/s 1oC/s 5oC/s2oC/s

Table 2. Volume fraction of the structure constituents of dilatometric samples and carbon content in retained austenite

Tabela 2. Udzia  obj to ciowy sk adników struktury próbek dylatometrycznych i zawarto ci w gla w austenicie

Volume fraction of phases [in %] in dilatometric samples 

Cooling rate F P B M RA C

2°C/min 34.0 52.0 14.0 0.0 0.0 -

3°C/min 33.0 54.0 13.0 0.0 0.0 -

6°C/min 31.9 16.0 37.0 4.0 11.1 1.21

15°C/min 18.0 6.0 54.0 4.0 18.0 1.25

30°C/min 8.0 4.0 68.0 4.0 16.0 1.11

1°C/s 4.0 0.0 70.0 8.0 18.0 1.25

2°C/s 0.0 0.0 52.0 39.6 8.4 1.21

5°C/s 0.0 0.0 23.0 77.0 0.0 -

10°C/s 0.0 0.0 18.0 82.0 0.0 -

20°C/s 0.0 0.0 10.0 92.0 0.0 -

40°C/s 0.0 0.0 8.0 92.0 0.0 -

84°C/s 0.0 0.0 7.0 93.0 0.0 -

Fig. 9. Effect of cooling rate on the structural constituents 
fraction in dilatometric samples

Rys. 9. Wp yw szybko ci ch odzenia na udzia  sk adników 
strukturalnych w próbkach dylatometrycznych

Fig. 10. Stress-strain curves for the multi-deformation ex-
periments conducted in Gleeble 3800; TD1-TD4 are tempera-
tures of subsequent deformations

Rys. 10. Krzywe napr enie-odkszta cenie uzyskane w do-
wiadczeniach wielostopniowego odkszta cenia w symula-

torze Gleeble 3800
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conds. Following holding, the samples were fast cooled 
with water. The thermal proÞ les for the conducted te-
sts are shown in Fig. 11. 

Microstructures of the samples subject to experi-
ments in Gleeble 3800 system are shown in Fig. 12–15. 

The mechanical properties of the samples are given in 

Table 3 and are compared in Fig. 16. 

Micrographs in Fig. 12–15 show that the structure 

of the samples is depended on temperature and time of 

the isothermal holding. Shorter holding times at sub-

sequent temperatures result in higher martensite con-

tent in the samples. This means that austenite was not 

stable due to the low content of carbon in this phase. At 

higher transformation temperatures, i.e. above 425 C, 

the structure of the samples is mostly composed of gra-

nular bainite whilst degenerated upper bainite is mo-

stly observed at lower transformation temperatures.

With the exception of holding temperature of 500 C, 

increasing the holding time at lower temperatures cau-

ses the strength increase and simultaneous decrease of 

ductility of the samples. The observed effect of isother-

mal holding temperature at 500 C can be explained in 

terms of the highest martensite content in the samples 

held at this temperature. At lower temperatures, pre-

sumably the formation of Þ ne structure of degenerated 

upper bainite is crucial for obtaining high strength le-

vel of the steel. The measured volume fraction of reta-

ined austenite in the samples subject to Gleeble 3800 

experiments is given in Table 4. One can see that X-ray 

examination did not reveal the presence of retained 

austenite in the samples held at 500 C. The austenite 

fraction and carbon content at the isothermal holding 

temperatures calculated using T0’ concept are given in 

Table 4 for reference.  

Fig. 11. Temperature versus time changes in the conducted 
tests

Rys. 11. Zmiany temperatury w funkcji czasu w przepro-
wadzonych testach

Fig. 13. Microstructure of the samples after experiment conducted in Gleeble 3800 simulator with holding temperature 425°C; 
FEG_SEM

Rys. 13. Mikrostruktura próbek po eksperymentach symulacji Þ zycznej za pomoc  symulatora  Gleeble 3800 z temperatur  
wytrzymania 425°C; FEG_SEM

50 s 100 s 500 s

Fig. 12. Microstructure of the samples after experiment conducted in Gleeble 3800 simulator with holding temperature 500°C; 
FEG_SEM

Rys. 12. Mikrostruktura próbek po eksperymentach symulacji Þ zycznej za pomoc  symulatora Gleeble 3800 z temperatur  
wytrzymania 500°C; FEG_SEM

50 s 100 s 500 s
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The most important  aim of the chemical composition 
and processing parameters design of TRIP assisted 
bainitic steels is to obtain a proper balance between 
strength and ductility of the product. Thus, to select 
the optimal isothermal heat treatment conditions, 
a plot of Rm(A/100) product for samples subject to Gle-
eble experiments is shown in Fig. 17.

The results indicate that the best combination of 

strength and ductility is related to the volume fraction 

of retained austenite, but also morphology of this pha-

se is important. The maximum value of Rm(A/100) pro-

duct is observed in samples having maximum volume 

fraction of degenerated bainite in which the retained 

Fig. 15. Microstructure of the samples after experiment conducted in Gleeble 3800 simulator with holding temperature 375°C; 
FEG_SEM

Rys. 15. Mikrostruktura próbek eksperymentach po symulacji Þ zycznej za pomoc  symulatora  Gleeble 3800 z temperatur  
wytrzymania 375°C; FEG_SEM

50 s 100 s 500 s

Fig. 14. Microstructure of the samples after experiment conducted in Gleeble 3800 simulator with holding temperature 400°C; 
FEG_SEM

Rys. 14. Mikrostruktura próbek po eksperymentach symulacji Þ zycznej za pomoc  symulatora Gleeble 3800 z temperatur  
wytrzymania 400°C; FEG_SEM

50 s 100 s 500 s

Table 3. Mechanical properties of the samples subject to Gleeble experiments 

Tabela 3. W a ciwo ci mechaniczne próbek po eksperymentach symulacji Þ zycznej za pomoc  symulatora Gleeble

Sample ID Temp | time
Rp0.2 Rm Z A

MPa MPa % %

HP141111.D02 500°C/500 s 1046 1532 11.1 8.5

HP141112.D01 500°C/100 s 1028 1469 12.3 7.8

HP141113.D01 500°C/50 s 1354 1677 17.4 9.7

HP141114.D01 425°C/500 s 822 1300 16.6 16.1

HP141115.D01 425°C/100 s 968 1387 11.7 10

HP141116.D01 425°C/50 s 1248 1652 6.6 8.6

HP141117.D01 400°C/500 s 988 1317 12.9 15.2

HP141118.D01 400°C/100 s 1020 1455 14.9 10.2

HP141119.D01 400°C/50 s 1282 1685 11.1 8.7

HP141120.D02 375°C/500 s 1060 1410 17.9 11.1

HP141121.D01 375°C/100 s 1117 1515 12.3 7.2

HP141122.D01 375°C/50 s 1326 1651 12.3 7.5
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Fig. 16. Summary of the results of mechanical properties  
measurements for the samples after experiments conduc-
ted in Gleeble 3800 thermomechanical simulator

Rys. 16. Podsumowanie wyników pomiaru w a ciwo ci me-
chanicznych próbek po eksperymentach symulacji Þ zycz-
nej za pomoc  symulatora Gleeble

Table 4. Measured volume fraction of the retained austenite in the samples subject to experiments in Gleeble 3800 simula-
tor

Tabela 4. Wyznaczony udzia  obj to ciowy austenitu szcz tkowego dla próbek po eksperymentach symulacji Þ zycznej za 
pomoc  symulatora Gleeble

Sample 
speciÞ cation

Temp | Time Retained austenite Carbon content in 
austenite

Calculated carbon content

°C| s % vol. % T0, % T0’, %

HP141111.D02 500 | 500 no X-ray lines detected - - -

HP141112.D01 500 | 100 no X-ray lines detected - - -

HP141113.D01 500 | 50 no X-ray lines detected - - -

HP141114.D01 425 | 500 18.8 1.11 1.02 0.95

HP141115.D01 425 | 100 15.6 1.19

HP141116.D01 425 | 50 1.8 1.14

HP141117.D01 400 | 500 12.0 1.10 1.06 1.02

HP141118.D01 400 | 100 12.6 1.16

HP141119.D01 400 | 50 2.3 1.16

HP141120.D02 375 | 500 13.7 1.08 1.08 1.13

HP141121.D01 375 | 100 11.7 1.19

HP141122.D01 375 | 50 1.6 1.09

Fig. 17. Effect of isothermal holding temperature and time 
on Rm(A/100) product for the samples subject to physical 
simulation experiments conducted with Gleeble 3800

Rys. 17. Wp yw temperatury i czasu izotermicznego wy a-
rzania na parametr Rm(A/100) dla próbek po eksperymen-
tach symulacji Þ zycznej za pomoc  symulatora Gleeble 
3800

austenite is mostly in the form of thin layers located 
between laths of bainitic ferrite (Fig. 18 and 19).

The obtained results show that the formation of re-
tained austenite is connected with crystallographic 
lattice imperfections. At higher transformation tempe-
ratures, where granular bainite forms, it mostly nuc-
leates at dislocation substructure. On the contrary, at 
lower temperatures where degenerated upper bainite 
forms, it is mostly connected with bainitic ferrite laths 
boundaries.

5. EXPERIMENTS OF RODS COOLING 
FROM TEMPERATURE OF AUSTENITE 

STABILITY

The CCT diagram in Fig. 7 was developed under 
constant cooling rate which is maintained during the 
experiment by the steering system of the dilatometer. 
However, in real industrial conditions the transforma-
tion heat (recalescence effect) can affect the kinetics of 
phase transformations. The experiments of  rods cool-

ing were performed to investigate the interaction of dif-
ferent cooling conditions and released heat of bainitic 
transformation on the microstructure and mechanical 
properties of experimental steel. The rods having di-
ameters 6.5, 12, 18, 25 and 35 mm and 200 mm  in 
height were austenitized at 1050 C for 600 seconds 
and afterwards cooled in still air. The temperature 
changes were recorded by thermocouples inserted in 
drilled holes in the centre of the rods, and the results of 
the measurements are shown in Þ gure 20. 

The temperatures Bs and Ms drawn with a dotted 
line in Fig. 20 were calculated with JMatPro pro-
gram. Fig. 20 shows that bainitic transformation gen-
erates a signiÞ cant recalescence effect in the cooling 
curves. This means that this transformation proceeds 
in nearly isothermal conditions. Since decreasing the 
rod diameter causes the increase in cooling rate, the 
starting temperature of this effect decreases as the rod 
diameter decreases. For the rod with lowest diameter, 
the recalescence effect is weak and is close to the Ms 
temperature. Microstructures in the rods centre and 
subsurface area are shown in Fig. 21.
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Fig. 18. Phase maps (left hand side) and orientation distribution maps (right hand side) – in dilatometric samples subject to 
isothermal annealing for 500 seconds; green areas in phase maps stand for retained austenite

Rys. 18. Mapy rozk adu faz (lewa strona) i mapy rozk adu orientacji (prawa strona) – w próbkach dylatometrycznych podda-
nych wytrzymaniu izotermicznemu przez 500 sekund; obszary zaznaczone kolorem zielonym oznaczaj  austenit resztkowy
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Microstructure of the rod having the smallest diame-
ter (Ø 6 mm) is composed of degenerated upper bainite 
and blocks of martensite. As the rod diameter increas-
es, the martensite content decreases in the structure 
and the allotriomorphic and bainitic ferrite content in-
creases. Degenerated upper bainite is mostly observed 
in rods having diameter in the range 12÷18 mm and 
in rods having diameter in the range 25÷35 mm, the 

mixture of granular and degenerated upper bainite is 
observed. 

The mechanical properties of the rods are given in Ta-
ble 5 and summarized in Fig. 22. The best combination 
of strength and ductility was obtained for rod having 
diameter 18 mm which is demonstrated in Fig. 23.

X-ray analysis shows that austenite content is the 
highest for the rod with diameter 18 mm (Table 6).  
Therefore some correlation can be found between the 
austenite content in rods and product RmA. However, 
this product is still high for the rod with lowest diam-
eter. This can be explained in terms of the carbon con-
tent in  retained austenite which is the highest out of 
all investigated rods and the morphology of this phase 
which is distributed in the microstructure in form of 
thin Þ lms. Another microstructural parameter that 
may have an impact on the behaviour of the rods is the 
so called ”effective grain size” of bainitic ferrite. This 

aspect of the rods’ microstructure together with the 

distribution of  austenite in their structure was inves-

tigated with EBSD technique (Fig. 24). 

Figure 24 shows that decreasing the bainitic trans-

formation temperature through lowering the rod’s ra-

dius changes the dominant morphology of bainite from 

granular to degenerated one. The boundaries in the 

lath like bainitic ferrite are of high angle. And the laths 

widths are in the range from 1÷4 m. On the contrary, 

bainitic areas in the granular bainite are sub-divided 

into irregular grains separated with high angle boun-

daries with sizes in the range 5÷25 m.

Fig. 19. Microstructure of the sample HP141120 investigated with TEM: (a) micrograph in bright Þ eld; (b) dark Þ eld electron 
micrograph with thin Þ lms of retained austenite; (c) and (d) diffraction patterns of ferrite and austenite, respectively

Rys. 19. Mikrostruktura próbki HP141120 po badaniach TEM: (a) obserwacje w polu jasnym; (b) ciemne pole z widocznymi 
cienkimi warstwami austenitu szcz tkowego; (c) i (d) obraz dyfrakcyjny odpowiednio dla ferrytu i austenitu

a) b)

c) d)

Fig. 20. Temperature changes recorded during cooling by 
the thermocouples inserted in the drilled hole of the rods 
having different diameter

Rys. 20. Zmiany temperatury zarejestrowane podczas ch o-
dzenia przez termopary umieszczone w wywierconych 
otworach w pr tach o ró nej rednicy
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Fig. 21. Microstructure of the rods and subsurface area having different diameter; FEG_SEM; magniÞ cation 2000×

Rys. 21. Mikrostruktura pr tów o ró nej rednicy, FEG_SEM; powi kszenie 2000×
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Fig. 21 cont. Microstructure of the rods and subsurface area having different diameter; FEG_SEM; magniÞ cation 2000×

Rys. 21 cd. Mikrostruktura pr tów o ró nej rednicy, FEG_SEM; powi kszenie 2000×

Table 5. Mechanical properties of the rods after cooling 
experiments

Tabela 5. W a ciwo ci mechaniczne pr tów po ekspery-
mentach ch odzenia

Diameter
mm

Rp0.2

MPa
Rm

MPa
A

%
Z

% 

6,5 959 1386 13 49

12 758 1211 15 46

18 728 1207 16 41

25 705 1188 15 41

35 716 1159 16 42

Table 6. Measured volume fraction of the retained austeni-
te in the samples subject to experiments in rods with dif-
ferent diameter

Tabela 6. Wyznaczony udzia  obj to ciowy austenitu reszt-
kowego w próbkach pr tów o ró nych rednicach

Diameter 
mm

Retained 
austenite

% vol.

Carbon content 
in austenite%

6.5 10.32 1.40

12 17.68 1.11

18 20.17 1.12

25 16.12 1.08

35 16.03 1.10

Fig. 22. Mechanical properties of rods with different dia-
meter after cooling in steel air from 1050 C

Rys. 22. W a ciwo ci mechaniczne pr tów o ró nej redni-
cy po och odzeniu w powietrzu z 1050 C

Fig. 23. Product Rm(A/100) for rods with different diameter 
after cooling in steel air from 1050 C

Rys. 23. Parametr Rm(A/100) dla pr tów z ró nymi redni-
cami po ch odzeniu z powietrzu z 1050 C

Table 7. Recalescence start temperature and cooling rates 
calculated from cooling curves in Fig. 20

Tabela 7. Temperatura i szybko  ch odzenia wyznaczona 
na podstawie krzywych ch odzenia z rys. 20 

Rod’s diameter, 
mm

Tr

C
Cooling rate

C/s

6 398 2.3

12 437 1.5

18 470 0.9

25 480 0.6

35 484 0.4

To Þ nd correlation between the microstructure of the 
rods and dilatrometric samples, cooling rates in the 
range Bs – Tr, where Tr is a temperature at which the 

recalescence effect starts, were calculated and are pre-

sented in Table 7.

The results of measurement of retained austenite 

content in rods and dilatometric samples cooled at si-

milar cooling rates are comparable, and as a result the 

recalescence heat did not affected the phase transfor-

mations in the experimental steel signiÞ cantly. This 

can be attributed to relatively fast kinetics of bainitic 

transformation in experimental steel. 
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Fig. 24. Phase maps  (left hand side) and orientation distribution maps (right hand side) – in the rods’ samples subject to 
continuous cooling; green areas in phase maps stand for retained austenite

Rys. 24. Mapy rozk adu faz (lewa strona) i mapy rozk adu orientacji (prawa strona) – w próbkach poddanych ci g emu ch o-
dzeniu pr tów; obszary zaznaczone kolorem zielonym oznaczaj  austenit resztkowy
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Fig. 24 cont. Phase maps  (left hand side) and orientation distribution maps (right hand side) – in the rods’ samples subject to 
continuous cooling; green areas in phase maps stand for retained austenite

Rys. 24 cd. Mapy rozk adu faz (lewa strona) i mapy rozk adu orientacji (prawa strona) – w próbkach poddanych ci g emu 
ch odzeniu pr tów; obszary zaznaczone kolorem zielonym oznaczaj  austenit resztkowy

6. APPLICATION OF BAINITIC 
HARDENABILITY CONCEPT TO 

OPTIMIZE TRIP EFFECT IN THE BARS

In order to enable comparison of the hardenability of 
various steels, primary search for certain general inde-
xes, which characterize this hardenability, was made 
[11]. Evaluation of the capability of various steels to 
develop bainitic microstructure showed that it is con-
nected with the character of the relation Fb = Fb(Cr), 
where: Fb – volume fraction of bainite, Cr – cooling rate. 

This relation is shown for experimental steel in Þ gure 

11. The volume fractions of the microstructural consti-

tuents can be predicted with JAMK equation. Thus, 

beyond the standard analysis of the CCT diagrams, the 

following features based on the plot Fb = Fb(Cr), can be 

considered:

the area under the curve – the largest is this area the  

better is the hardenability of steel;

maximum volume fraction of bainite and the cooling  

rate, at which this maximum occurs – the larger this 

maximum is and at lower cooling rate it occurs, the 

better is the hardenability. 

Thus, having the mentioned features in mind the fol-

lowing two hardenability indexes can be considered:

1 – ratio between maximum volume fraction of ba-
inite Vbmax and the cooling rate Crmax, at which this 
volume fraction was obtained:
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2 – means the area under the plot Vb = Vb(Cr) in the 
range, in which volume fraction of bainite exceeds 
certain level Vb0;
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Idea of the Þ rst hardenability index 1 is presented 
in Fig. 25a. The second hardenability index 2 assu-
ming Fb0 = 0.3 is illustrated in Fig. 25b. 

It should be pointed out that the shape of the curve 
representing bainite content depends not only on the 
chemistry of steel, but also on the austenite microstruc-
ture prior to the beginning of phase transformations. 

For the rod production process, only the bainitic har-
denability concept based on the relation between volu-
me fraction of bainite and cooling rate was considered 
in this paper. In order to demonstrate the approach, 
the commercial Swiss Steel bar having diameter 43 
mm was considered. Chemical composition of the bar 
was: 0.16%C, 1.23% Si, 1.49%Mn, 0.015%S, 1.20% Cr, 
0.27%Mo. A comparison of  the volume fraction of ba-
initic ferrite changes as function of cooling rate for this 
bar and experimental steel is shown in Fig. 26.  

Figure 25 shows that reaching the maximum volume 
fraction of bainitic ferrite in case of industrial bar re-

Fig. 25. Idea of the hardenability indexes:  deÞ nition of 1 (a); deÞ nition of 2 [10]

Fig. 25. Koncepcja wska ników hartowno ci: deÞ nicja 1 (a); deÞ nicja 2 [11]

a) b)
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quires higher cooling rates than in the case of labora-
tory heat, however, the maximum content of this con-
stituent is the highest. A consequence of this is a low 
bainite content in the industrial bar (cooling rate ap-
proximately 0.3 C/s) and, consequently, low retained 
austenite content (around 10%).

7. CONCLUSIONS

The transformation of at least 30÷50% of austenite 
into bainite, is a prerequisite for the retained austen-
ite occurrence in the microstructure of experimental 
steel. This is connected with the maximum degree of 
carbon enrichment of austenite remaining after bai-
nitic ferrite formation which is governed by the T0 or 
T0’ line.    
The obtained results show that the formation of re-
tained austenite is connected with crystallographic 
lattice imperfections. At higher transformation tem-
peratures, where granular bainite forms, it mostly 
nucleates at dislocation substructure. On the con-
trary, at lower temperatures where degenerated up-

Fig. 26. Comparison of the volume fraction of bainitic fer-
rite changes as function of cooling rate for laboratory and 
industrial material assessed in the course of dilatometric 
experiments

Fig. 26. Porównanie zmian udzia u obj to ciowego ferrytu 
bainitycznego w funkcji szybko ci ch odzenia dla mate-
ria u laboratoryjnego i przemys owego, wyznaczonego po 
eksperymentach dylatometrycznych

per bainite forms, it is mostly connected with bainitic 
ferrite laths boundaries.
Based upon the obtained results, one may postulate 
that the formation of retained austenite can be re-
ferred to as phase transformation event compris-
ing nucleation and growth. At higher temperatures, 
where granular bainite forms, it takes random form 
since the nucleation occurs at the dislocation sub-
structure. However, at low temperatures, it is coor-
dinated with the bainitic laths growth. In both cases, 
carbon diffusion is the controlling process of retained 
austenite formation. Thus, the critical carbon con-
tent must be reached at nucleation site to start the 
process of this constituent formation.
The occurrence of blocky martensite is connected 
with too low carbon content in the austenite region 
where it was formed.   
Investigation has shown that the degenerated upper 
bainite with retained austenite Þ lms separating ba-
initic ferrite laths is the best microstructure for achie-
ving the favourable combination of high strength and 
ductility. In the experimental steel, this type of ba-
inite can be obtained during isothermal holding at 
temperature range 430÷370°C. It was observed that 
at higher isothermal holding temperatures, mostly 
granular bainite was formed in the samples. 
Since the bainitic transformation temperature range 
in the continuously cooled rods is higher than 450°C, 
the main form of bainite in their structure was gra-
nular bainite.
The recalescence effect connected with bainitic trans-
formation has a positive effect on microstructure of 
the rods, since it extends the time for the bainite for-
mation during continuous cooling. 
The obtained results indicate that not only retained 
austenite content and morphology have positive ef-
fect on strength versus ductility relation, but also the 
bainitic ferrite effective grain size may have a sub-
stantial effect on this relation. At low transformation 
temperatures, the bainitic ferrite is arranged in form 
of laths separated by high angle boundaries. In the 
case of granular bainite, the bainitic ferrite is in the 
form of irregular grains having size several times 
greater compared to the laths width.
The bainitic hardenability concept based on the re-
lation between volume fraction of bainitic ferrite 
and cooling rate obtained as a result of dilatometric 
experiments turned out to be a promising tool in the 
process of designing of the chemical composition of 
TRIP-assisted bainitic steels.   
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