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A B S T R A C T   

In order to impart superior mechanical properties to medium carbon carbide-free bainitic steels, an innovative 
approach has been adopted to extensively refine the bainitic ferrite plate thickness. Unlike controlled defor-
mation in the no-recrystallization regime above the Ar3 temperature, an attempt has been made in this study to 
carry out low temperature ausforming in the bay between ferrite and bainite C-curves at 500 �C in order to 
impart high dislocation densities in the austenite prior to phase transformation. Two experimental high-silicon, 
medium carbon steels were suitably designed and processed for this study, with one steel containing small ad-
ditions of 0.3Mo and 0.03Nb. Flow stress measurements were made using single-hit compression tests in the 
temperature range 300–900 �C in steps of 100 �C at different strain rates in the range 0.1–10 s� 1 on a Gleeble 
simulator. Samples ausformed at 500 �C were isothermally held for 1 h at different transformation temperatures 
in the range of 300–400 �C to complete the bainitic transformation. Influence of strain induced bainite trans-
formation on flow stress was obvious at 0.01 s-1, particularly at 300 and 400 �C. Despite enhanced nucleation in 
fine-grained steel B containing Nb þ Mo, growth of bainite sheaves was much slower. Dilatation behaviour was 
comparable for the two steels at <350 �C, but at higher temperatures, the effect of Nb þ Mo on slower trans-
formation kinetics was obvious. The microstructure of both steels showed extremely fine bainitic ferrite below 
325 �C, but at higher temperatures, coarse bainite with M/A constituents and extensive martensite formed in 
steels without or with Nb þ Mo constituents. A correlation between hardness data and retained austenite con-
tents has been established in both the steels. The paper presents the first account of the flow stress and trans-
formation behaviour including the influence of Nb þMo alloying and the details concerning the carbon-enriched 
austenite retained at room temperature and hardness variation as a function of isothermal holding temperature.   

1. Introduction 

During recent years, there have been several studies of the 
isothermal, low-temperature transformation of steels with medium and 
high carbon contents that were aimed at achieving highly refined bainite 
to give ultrahigh strength (>1500 MPa) combined with adequate tensile 
ductility, good low-temperature toughness, and high strain hardening 
capacity [1–8]. It is well known that bainite formed at low temperature 
has higher strength as well as better toughness properties compared to 
upper bainite. However, conventional approaches for reaching 
ultrahigh-strength in bainite require high C content to lower the 
martensite start (Ms) temperature and isothermal holding at low 

temperatures (400–200 �C) for times ranging from a few hours to several 
days. Lower transformation temperature increases the strength of the 
austenite thereby refining the bainite giving a stronger product. This 
means that transformation just above the Ms temperature is the most 
advantageous as regards strength. However, in the case of 
medium-carbon steels, this may not be low enough to reach the desired 
level of refinement. Alternatively, high austenite strength can be ach-
ieved through an increased dislocation density by means of low tem-
perature deformation, i.e. ausforming. In addition, the deformation can 
provide a large number of new nucleation sites, such as deformation 
shear bands, and dislocation substructures. Such treatments have been 
reported by many authors [4,7,9–11], where thermo-mechanical 
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processing with ausforming in the bay between the noses of ferrite and 
bainite, at temperatures below Ar3 was involved. This provided signifi-
cantly finer austenitic structures, which subsequently led to accelerated 
bainite transformation during isothermal holding and, moreover, an 
extensively refined bainitic structure. However, Shirzadi et al. [9] re-
ported that ausforming at 600 �C did not accelerate bainite trans-
formation, while Eres-Castellanos et al. [12] found that the 
microstructure was refined provided deformation was done at temper-
atures below 520 �C. Even though the amount of bainitic ferrite in the 
steel decreased by ausforming compared to pure isothermal holding, the 
hardness of the ausformed specimen was higher than that of an 
un-ausformed specimen, as a consequence of several factors, i.e., 
increased strength of ferritic matrix, enhanced strength of the austenite 
and its smaller size. For a steel containing 0.15 %C, Zhao et al. [13] 
compared the results of ausforming conducted at different temperatures 
in the range 400–780 �C combined with a subsequent isothermal hold-
ing at 355 �C and concluded that lowering the ausforming temperature 
not only refined the bainitic structure, but also accelerated the kinetics 
of bainitic transformation. It should be emphasized that the holding 
temperature (355 �C) in that study was below Ms temperature. 

Austenite must remain stable during deformation at low tempera-
tures, which sets certain requirements for the composition design of the 
steel. However, Hu et al. [14] reported that alloying with Mo promoted 
bainitic transformation in low carbon steels. On the other hand, Nb 
could hinder the transformation kinetics, even though addition of Nb 
leads to finer austenite grain size. According to Rees et al. [15] the 
hindering effect of Nb was rather small and D€acker et al. [16] also found 
that the effect was not significant. Furthermore, the concept of aus-
forming enabled the use of relatively low carbon content while still 
retaining desirable tensile and impact properties as well as improved 
strain hardening capacity [17]. 

The aim of this investigation is to understand the characteristics of 
bainite formation in two medium carbon steels isothermally held at 
different temperatures closely above Ms temperature, following low 
temperature ausforming in the bay between ferrite and bainite. The 
chemical compositions of the investigated steels were so chosen in order 
to reveal the influence of Mo and Nb alloying elements on the flow stress 
behaviour, phase transformation characteristics and kinetics as well as 
microstructural evolution. 

2. Materials and methods 

Experimental steels, coded as Steel A and Steel B, were designed with 
the help of theoretical calculations using IDS (Inter-Dendritic-Segrega-
tion) software and commercial JMatPro v8® software. IDS could be used 
to optimize the use of alloying elements to achieve adequate level of 
hardenability, while minimizing chemical inhomogeneity after casting. 
The transformation characteristics of Steel A and Steel B are presented as 
a TTT diagram i n Fig. 1, which was created using JMatPro v8 software 
[18]. The steels were cast in a laboratory induction furnace under a 
nitrogen (N2) atmosphere into 30 kg ingots. Prior to hot rolling, the 
ingots were cut into blocks of thickness 45 mm and homogenized at 
1200 �C under N2 atmosphere for 24 h to enable diffusion of the alloying 
elements and to reduce the segregation caused by the high C and Mn 
contents. Chemical compositions and calculated Ms and bainite start (Bs) 
temperatures of the experimental steels are listed in Table 1. The Ms 
temperatures were estimated using dilatometer tests in the Gleeble 
simulator and were found to be reasonably close to those predicted by 
Andrews’ [19] Equation (1) 

Msð
�CÞ¼ 512 � 453C � 16:9Niþ 15Cr � 9:5Moþ 217C2

� Cð71:5Mn � 67:6CrÞ (1) 

On the other hand, the Bs values were calculated using Equation (2) 
published by van Bohemen [20]. 

Bsð
�CÞ¼ 839 � 270

�
1 � e� 1:33C� � 86Mn � 23Si � 67Cr � 33Ni � 75Mo (2) 

Thermo-mechanical simulations were made in a Gleeble 3800 
simulator using cylindrical specimens Ø6x9 mm machined from pieces 
cut through thickness of the hot-rolled plates. After the simulations, 
specimens were cut longitudinally in two halves and mounted in bake-
lite for metallographic examination and Vickers hardness measurements 
using a 5 kg load. The mounted specimens were ground and polished 
according to standard metallographic practice finishing with polishing 

Fig. 1. TTT transformation start and finish times created using commercial JMatPro software. Steel A full lines, steel B dashed lines.  

Table 1 
Chemical compositions of the experimental materials.  

Steel code C Si Mn Mo Cr Nb MS (�C) BS (�C) 

A 0.40 1.3 2.0 0.00 0.70 0.00 293 480 
B 0.40 1.3 2.0 0.30 0.70 0.03 288 460  
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using a 1 μm diamond suspension. 

2.1. Compression tests 

Flow stress measurements were conducted via single-hit compres-
sion tests in a Gleeble 3800® thermomechanical simulator. A schematic 
sketch of the test plan is presented in Fig. 2. In the beginning of the 
simulation, specimens were reheated at a linear rate of 10 �C/s for 
austenitization at 1000 �C and 1100 �C, for steel A and Nb-alloyed steel 
B, respectively. After the austenitization, the specimens were cooled at a 
linear rate of 20 �C/s to the deformation temperature, held 10 s to even 
out the temperature and then compressed to a true strain of �0.6 at 
strain rates of 0.1, 1 or 10 s-1, followed by free cooling to room tem-
perature (RT) (a in the figure). Deformation temperatures varied in the 
range of 300–900 �C in steps of 100 �C. 

It was considered important to know whether any strain induced 
ferrite or bainite transformation occurred during the deformation and 
hence, an additional series of single-hit compression experiments was 
made followed by quenching the samples in water immediately after 
deformation (b in Fig. 2). The temperatures 400 �C, 500 �C, 600 �C and 
700 �C were chosen on the basis of the flow stress behaviour of the first 
set of tests, the total strain applied was �0.6 at the strain rate of 1 s-1, 
similarly as done in the first set of tests except that the samples were 

water-quenched immediately after compression. The microstructures of 
the deformed samples were analysed to determine whether the strain 
induced ferrite or bainite transformation occurred or not. 

Following Laasraoui and Jonas [21] the mean flow stress (MFS) for a 
selected strain period can be calculated from the area under a given 
stress-strain plot divided by the strain using Equation (3) 

MFS¼
1

ε1 � ε0

Z ε1

ε0

σ dε (3)  

where ε0 is strain at the start and ε1 strain at the end of the selected 
period, and σ is the stress. An approximate estimation of Equation (3) 
was used in this study, as presented in Equation (4): 

MFS�
1

ε1 � ε0
�
Xε1

ε0

ðεb � εaÞ �
ðσa þ σbÞ

2
(4)  

where εa is the strain at the start and εb the strain at the end of each 
increment, and σa and σb are the corresponding stresses. 

2.2. Deformation - time - temperature - transformation diagrams 

Deformation - time - temperature - transformation (DTTT) diagrams 
were constructed using dilatometry measurements on a Gleeble 3800 
simulator following the thermomechanical treatments shown in Fig. 3. 
First, the specimens were heated to 1000 �C at a linear rate of 10 �C/s, 
held there for 3 min and cooled to 850 �C. After holding at 850 �C for 15 
s, specimens were cooled to 500 �C at 25 �C/s, held for 5 s and then 
compressed to a true strain of �0.6 at a strain rate of 0.5 s-1. Deformation 
was then followed by cooling at a linear rate of 25 �C/s to the desired 
temperature in the bainitic range. The samples were isothermally held 
for 60 min at different temperatures in range 300–400 �C in steps of 25 
�C in order to enable bainitic transformation. Dilatometry measure-
ments in respect of per cent change in the diameters of the specimens 
during isothermal holding and subsequent cooling at �20 �C/s to room 
temperature were then analysed to determine the phase transformation 
behaviour and construct the DTTT diagrams. The final cooling rate was 
initially 20 �C/s at least until 200 �C, after which the cooling rate cannot 
be maintained. Dilatation measurements during final cooling to room 
temperature were analysed in order to estimate the volume fraction of 
untempered high-carbon martensite, if any, that forms during the final 
cooling. All the samples were analysed for their fractions of retained 
austenite using X-Ray diffraction (XRD). 

Fig. 2. Schematic illustration of temperature cycles for flow stress 
measurements. 

Fig. 3. Schematic illustration of thermal cycle used to construct DTTT diagrams.  
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2.3. Metallographic examination 

Microstructural observations were made using a confocal laser mi-
croscope (LSCM, Keyence VK-X200) and a Zeiss Sigma field emission 
scanning electron microscope (FESEM) with an acceleration voltage of 5 
kV. The final volume fraction of bainite was estimated from micrographs 
using the point counting method [22], while simultaneously considering 
the fractions of retained austenite measured with XRD. Vickers hardness 
was measured with a Duramin A300 hardness testing device at a load of 
5 kgf. XRD measurements were conducted with a Rikagu SmartLab 
diffractometer equipped with a Co Kα source at a scanning rate of 7�

min-1 over the range of 2θ ¼ 45–130�. For the refinement of the results, 
the Rietveld method was applied using PDXL2 software. The mean 

carbon content of the retained austenite was calculated from the 
measured lattice para meter using Cullity’s method [23]. Only the 
central part of each specimen cross-section was used in the metallo-
graphic examination, because the cylindrical specimens were somewhat 
prone to barrelling in compression despite adequate lubrication [9,12, 
24]. 

Fig. 4. Flow stress curves recorded for steel A at the strain rate of a) 0.1 s-1 b) 1 
s-1 c) 10 s-1 

Fig. 5. Flow stress curves recorded for steel B at the strain rate of a) 0.1 s-1 b) 1 
s-1 c) 10 s-1 
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3. Results 

3.1. Flow stress behaviour 

Examples of true stress-strain curves recorded for Steel A and Steel B 
at different deformation temperatures and strain rates 0.1, 1 and 10 s-1 

are presented in Fig. 4a–c and Fig. 5a–c, respectively. During the 
deformation at the lowest strain rates 0.1 s-1 and 1 s-1 (Fig. 4a and b and 
Fig. 5a and b) an unexpected aberration was obtained in the flow stress 
at 300 �C and 400 �C when compared to the behaviour at 500 �C and 
above, though the aberration was more apparent in Steel A than in Steel 
B. The mean flow stress corresponding to strains of 0.2 and 0.4 at 1 s-1 

calculated at various temperatures using Equation (4) is plotted against 
the inverse absolute temperature in Fig. 6a and b. Mean flow stress 
increased with decreasing deformation temperature, but not linearly 

when plotted against 1/T. The effect of temperature on the mean flow 
stress for Steel A at a strain of 0.2 and Steel B at strains of 0.2 and 0.4 was 
stronger at the highest and lowest temperatures i.e. in the range of 
300–400 �C and 700–900 �C, whereas in the range of 500–700 �C the 
effect was minor. For a strain of 0.4 and Steel A, the effect of temperature 
was stronger only at the highest temperatures. 

The temperature control system in the Gleeble simulator tries to 
maintain a constant temperature by adjusting the Joule heating in the 
specimen to compensate for heat losses to the anvils or surroundings. 
Nevertheless, heat generation due to plastic deformation can tempo-
rarily increase the specimen temperature beyond the aimed value by a 
few degrees, the exact value depending on the strain rate. However, at 
the strain rate of 1 s-1 and 10 s-1, a large increase in temperature (Fig. 7 
and Fig. 8) was measured, i.e. 75 �C and 65 �C in the specimen deformed 
at 300 �C and at 400 �C, respectively. On the other hand, the effect was 

Fig. 6. Mean flow stress as a function of inverse absolute temperature at the strain rate of a) 0.1 s-1 and b) 1 s-1  
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insignificant at the lower strain rate of 0.1 s-1 owing to dissipation of 
heat to the anvils during compression and the effective temperature 
control by the simulator. The temperature deviation was less than 50 �C 
at 500 �C and higher temperatures. Subsequent light optical microscopy 
of steels deformed at 400 �C and 500 �C and then quenched, clearly 
revealed a difference in the subsequent microstructures as shown in 
Fig. 9: traces of bainite were found in the specimen deformed at 400 �C 
and quenched, while neither bainite nor ferrite was found in the spec-
imen deformed at 500 �C and quenched. Bainite formation at 400 �C 
may be due to strain-induced transformation, whereas 500 �C is too high 
a temperature for bainite to form. Thus, the exothermic bainite reaction 
could explain the sudden temperature rise during deformation at 300 �C 

and 400 �C. 
An estimate of the maximum rise in temperature that could be caused 

by the combination of mechanical work and transformation to bainite is 
given by Equation (5) in which ΔT is the temperature rise under adia-
batic conditions. As shown below, it is as high as 130–150 �C due to 
deformation and low temperature bainite transformation at 300 �C, 
which is somewhat higher than the temperatures measured on the sur-
face in the middle of the sample due to heat conduction to the water- 
cooled anvils at both ends of the sample. 

ΔT ð�CÞ¼
R

σ dεþ ΔХργΔH
cργ

(5) 

In Equation (5) ΔХ is the fraction of austenite transformed, ργ the 
density of austenite, ΔH the latent heat of the phase transformation and c 
the specific heat capacity. The density of austenite ργ as a function of 
temperature is given by Equation (6) [25]. 

ργ ¼ 8099 � 0:5060T þð� 118:26þ 0:00739TÞCC
γ

þ
�
� 7:59þ 3:422 * 10� 3T � 5:388 * 10� 7T2 � 0:014271CCr

γ�CCr
γ

þ
�
1:54þ 2:267 * 10� 3T � 11:26 * 10� 7T2þ 0:062642CNi

γ�CNi
γ

� 68:24CSi
γ � 6:01CMn

γ þ 12:45CMo
γ

(6)  

where CC
γ, CCr

γ, CNi
γ, CSi

γ, CMn
γ and CMo

γ are the solute contents in 
weight percent. The latent heat ΔH was estimated using Equation (7) 
[26]. 

Fig. 7. Temperature variations during deformation at the strain rate of 1 s-1  

Fig. 8. Temperature variations during deformation at the strain rate of 10 s-1  

Fig. 9. LSCM micrographs of steel A quenched from a) 400 �C and b) 500 �C.  

Fig. 10. Typical dilatation curves of Steel A isothermally held at different 
temperatures in the range 300–400 �C. 
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ΔH¼ 7:93
�

1 �
0:8865

cosh½0:0064ðTð�CÞ � 911Þ�

�

(7)  

3.2. Dilatation behaviour 

Dilatation curves of Steel A and Steel B showing the volume fraction 
of bainite formed plotted against isothermal holding time are displayed 
in Fig. 10 and Fig. 11, respectively. None of the curves reached a plateau 
in the 60 min holding. However, bainite volume fractions in the range of 
50–85% and 20–85% were obtained in Steel A and Steel B, respectively. 
In general, initiation was faster in Steel B than in Steel A, whereas after 
the initiation, the transformation was faster in Steel A than in Steel B, i.e. 
20% and 50% marks were reached quicker in Steel A than Steel B. The 
dilatation curves of both steels at 300 �C, 325 �C and 350 �C were very 
similar to each other, while the biggest difference was found in the 
behaviour at 375 �C, where the transformation initiated much faster in 
Steel A than in Steel B. At 400 �C there was not much difference in the 
time of initiation, whereas the kinetics of the transformation were 
sluggish in Steel B and thus, Steel B at 400 �C resulted in the lowest 

fraction of bainite. 
The dilatation curves during final cooling of strained Steel B samples 

following isothermal holding at different temperatures are shown in 
Fig. 12. They reveal the occurrence of martensitic transformation at a 
temperature that depends on the carbon content of the untransformed 
austenite based on the isothermal holding temperature. A similar 
transformation behaviour has been revealed in the dilatation curves of 
most Steel A samples, too. Thus, a fraction of carbon-enriched un-
transformed austenite transforms during final cooling, the fraction and 
martensite start temperature increasing with an increase in the prior 
isothermal holding temperature for bainite transformation. 

3.3. DTTT diagrams 

DTTT diagrams (Fig. 13), constructed by analysing individual dila-
tation curves for each steel at different isothermal holding temperatures, 
present the kinetics of the bainitic transformation at different holding 
temperatures. The noses of the C curves for transformation to bainite 
were above 400 �C for both steels. It should be emphasized that the 
actual volume fraction of bainite formed after the isothermal holding 
was in both steels 85% or less, depending on the isothermal holding 
temperature. At all holding temperatures, a fraction of carbon-enriched 
austenite remained untransformed and was at least partially retained to 
room temperature. In some cases, a small fraction of the austenite 
transformed into martensite during final cooling. 

A brief summary of the final retained austenite contents VRA, mean 
carbon content of the retained austenite CRA and corresponding Vickers 
hardness values of the low temperature ausformed and isothermally 
held specimens is shown in Table 2. 

LSCM and SEM micrographs of steel A and steel B after holding at 
different temperatures are shown in Figs. 14–17. Corresponding Vickers 
hardness as well as retained austenite contents are also given in the 
optical microscopy figures for ready comparison. As revealed in the 
dilatometry traces (Fig. 12), significant fractions of martensite were 
present in specimens held at 375 �C and 400 �C, which were also re-
flected in higher hardness values than obtained in the case of specimens 
held at 325 �C or 350 �C. Bainitic ferrite, fine film-like austenite and 
blocky martensite/austenite (M/A) constituents were present in speci-
mens held at 300 �C and 325 �C (Figs. 14, 15, 16 and 17) in both the 
steels. At 350 �C and 400 �C, structures of steel A samples showed 
coarser bainitic ferrite surrounded by large islands of M/A (Figs. 14, 15, 

Fig. 11. Typical dilatation curves of Steel B isothermally held at different 
temperatures in the range 300–400 �C. 

Fig. 12. Typical dilatometer curves for the final cooling at 20 �C/s from different holding temperatures.  
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16 and 17), whereas steel B samples isothermally held at 350 �C showed 
finer bainitic ferrite compared to that in steel A and, M/A islands were 
larger than at 300 �C. 

4. Discussion 

Strain-induced bainite transformation was obvious in deformation at 
low temperature and low strain rate, particularly above 0.3 strain:. 
However, the simultaneous rise in temperature due to phase trans-
formation and deformation heat could complicate the situation, as 
higher temperature would actually lead to lower flow stress. Eres- 
Castellanos et al. [12] explained similar flow stress behaviour as a 
result of strain-induced bainitic transformation occurring during 
deformation in a commercial medium-carbon (0.4 wt%), high-silicon (3 

wt%) steel. Metallographic examination of the specimens quenched 
from deformation temperatures of 400 �C also revealed traces of bainite 
in the microstructure unlike specimens held at higher temperatures, thus 
supporting the idea of strain-induced transformation occurring during 
deformation at low temperatures. Therefore, the effect of Nb þ Mo 
addition on the mean flow stress could only be determined at 600 �C and 
higher temperatures. The difference in MFS between low and high strain 
rates was not significant i.e. MFS was practically at same level regardless 
of the strain rate used. 

TTT diagram (Fig. 1) predicted using the JMatPro V8® software 
implied that the kinetics of bainitic transformation was retarded by the 
addition of Mo and Nb, when prior austenite grain size was same in both 
the steels. Surprisingly, the time for the onset of bainitic transformation 
following deformation at 500 �C was somewhat shorter in steel B 

Fig. 13. DTTT diagrams for steels A and B showing 1%, 20% and 50% bainite transformation times after the end of deformation. Bs was calculated (see Table 1), 
ferrite (orange dashed line) and pearlite (blue dashed line) were extracted from JMatPro V8 software. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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(despite Mo and Nb alloying) than steel A presumably due to its finer 
grain size (Steel A: 130 μm; Steel B: 80 μm). However, 20 vol% and 50 
vol % transformations were reached faster in steel A (i.e. without Mo or 
Nb alloying) than steel B, as also predicted by JMatPro V8®. In respect 
of the onset of bainite transformation in the two experimental steels, 
which is quite opposite to the JMatPro predictions, at least two factors 
must be taken into account; promoting effect of Mo on the bainite 
transformation and the hindering effect of Nb due to smaller prior 
austenite grain size [14–16]. It has been stated that a decrease in 
austenite grain size results in an increase in the grain boundary area that 
leads to increased number of nucleation sites [14]. The bainitic sheaves 
grow far more slowly under the same driving force due to a large number 
of nuclei [14]. However, the steels involved in the study had 0.2% C in 
addition to Mo þ Nb, unlike 0.4 %C present in our steels. During the 
course of austenitization prior to deformation and isothermal holding, 
Nb can impede the grain growth of austenite by a solute drag effect [27]. 
Moreover, based on thermodynamic analysis using ThermoCalc® soft-
ware, Javaheri et al. [28] pointed out that in 0.4 %C steels containing 

0.03 %Nb, carbides or carbonitrides (NbCN) of Nb would form, which 
might further inhibit grain boundary movement leading to grain size 
refinement. This, in turn, would lead to increased area of grain bound-
aries and further enhancement of the number of the plausible nucleation 
sites for bainite. Therefore, with the presence of Nb either in the solution 
or as carbides/carbonitrides, there could be nucleation of more bainite 
sheaves enabling faster onset of the transformation, but subsequent 
growth may be restricted causing slowing down of the kinetics. 

A reasonable correlation between hardness and retained austenite 
content was observed (Fig. 18), whereby an increase in austenite content 
decreased the hardness of the steel. In Steel A, the highest retained 
austenite content and the lowest hardness were obtained in the sample 
held at 350 �C, whereas in Steel B the highest austenite content was 
obtained in the second softest sample held at 325 �C. However, the 
relative difference in the austenite content of Steel B after holding at 
325 �C and 350 �C is only 0.04% and well within the limits of experi-
mental scatter. Overall, in every condition hardness of steel B was higher 
than in steel A, which is related to solid solution strengthening effect of 
Mo þ Nb addition, affecting in both bainite and retained austenite. 
Nevertheless, Wang et al. [29] reported that retained austenite content 
decreased with decreasing holding temperature with simultaneous in-
crease in the carbon content of the retained austenite, though the 
experimental steels in that study were austempered, unlike ausforming 
of the samples in our tests. 

For holding temperatures below 350 �C, hardness increased as the 
hold temperature decreased (Fig. 18). Bhadeshia [3] reported a similar 
correlation between hold temperature and hardness for high carbon (1 
wt% C) steels that originated from a reduction in the size of the bainite 
platelets to as low as 20–40 nm as a consequence of decreasing 
isothermal hold temperature down to 200 �C. Amel-Harzad et al. [30] 
also reported a similar correlation in connection with the low temper-
ature bainitic transformation of austempered high carbon (1.15 wt% C) 
steel. In the current study the hardness level of 500 HV was achieved in 
both 0.4 %C steels following ausforming and isothermal holding at 300 

Table 2 
Vickers hardness (HV5), volume fraction of bainite VB and retained austenite 
VRA as well as carbon content of retained austenite CRA for experimental steels A 
and B.  

Steel Holding T (�C) HV5 VB %  VRA %  CRA %  

A 300 499 85 13.4 1.07 
325 431 75 23.5 1.27 
350 411 65 28.8 1.27 
375 444 60 19.3 1.13 
400 470 55 10.9 1.05 

B 300 523 80 18.8 1.11 
325 428 70 27.9 1.22 
350 419 65 27.8 1.21 
375 471 55 26.4 1.03 
400 644 20 1.4 0.61  

Fig. 14. LSCM micrographs of steel A after DTTT testing with holding at 400 �C, 350 �C, 325 �C and 300 �C followed by free cooling.  
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�C, which is actually at the same level with austempered (not aus-
formed) 0.8% C steels reported by Bhadeshia [30]. It is conceivable that 
the platelets in the ausformed 0.4 %C steels in our study were finer than 
those in the austempered 0.8 %C steels [31], thereby resulting in the 
same hardness. On the other hand, under certain condition the 0.8 %C 
steel may have contained a considerably higher fraction of retained 
austenite than the 0.4 %C steel. 

Increasing hardness with increasing holding temperature above 350 
�C was a result of the significant fraction of austenite transformed into 
martensite when specimens were cooled from 350 to 400 �C to RT. For 
instance, the hardness of the specimen held at 400 �C was higher than 
that of the specimen held at 325 �C, despite the lower bainitic trans-
formation temperature resulting in finer bainitic plates. Holding at 400 
�C showed slow bainitic transformation being close to the upper end of 
the C-curve and hence, a good fraction of austenite remained untrans-
formed after 1 h of holding. Despite effective carbon partitioning to 
austenite at higher temperatures, the average carbon content of the 
austenite will be lower than at lower holding temperatures, such as 325 
�C, where the bainite transformation could be complete in 1 h. Thus, a 
significant fraction of martensite forms in samples held at 400 �C 
because of the lower stability of untransformed austenite during cooling 
leaving only a small fraction of austenite retained to room temperature. 

With the aid of Equation (1), the average carbon content (CUA) of the 
austenite left untransformed after holding can be approximately esti-
mated from its Ms temperature as seen in the dilatation curves for the 
final cooling The results are shown in Table 3. It should be emphasized 
that these estimated values differ from the values shown in Table 2, 
mostly because the values in Table 2 only consider the most stable 
austenite that was retained at room temperature. 

5. Conclusions 

This study presents evaluation of the flow stress behaviour of 
austenite at relatively low temperature range of 300–900 �C in two high- 

silicon, medium carbon steels with one steel alloyed with small addi-
tions of Nb and Mo, too. Thermomechanical simulations were performed 
to understand the low temperature bainite transformation characteris-
tics in the two steels following relatively low temperature ausforming at 
500 �C in the bay between ferrite and bainite phase fields and isothermal 
holding at temperatures close to Ms temperature. The main objective of 
this process design was to achieve extremely refined bainite at nano-
structure level and to the understand the role of Nb and Mo on the 
transformation characteristics and kinetics. X-ray diffraction, SEM and 
LSCM were used to characterize the materials in respect of microstruc-
tures and phase composition following low temperature bainitic trans-
formation, aided with dilatation and hardness measurements for 
corroboration of the results. The following conclusions can be drawn 
from this study: 

Flow stress behaviour in the temperature range of 600–900 �C 
depended essentially on the deformation temperature, whereas at lower 
temperatures down to 300 �C, strain-induced bainite transformation has 
been found to influence the flow stress, more obvious beyond about 0.3 
strain and at strain rate of 0.1 s–1. While the adiabatic rise in temper-
ature influenced the flow stress at the highest strain rate of 10 s-1 
(typically, 70 and 60 �C at 400 and 300 �C, respectively), the strain 
induced phase transformation was more obvious at the lowest strain rate 
of 0.1 s–1, particularly at 300 and 400 �C, leading to marked inflexions 
in flow stress curves and a minor rise in temperature owing to the latent 
heat of phase transformation. 

Alloying with Mo þ Nb (steel B) refined the prior austenite grain size 
leading to faster onset of the bainitic transformation when compared to 
steel A. However, enhanced nucleation due to an increase in grain 
boundary area presumably led to slower growth of bainitic sheaves, i.e. 
slower kinetics compared to that in steel A (without Nb and Mo alloy-
ing). Therefore, grain size refinement eventually led to extensive 
refinement of the transformed bainite, obviously as a result of hindered 
kinetics of transformation. 

The dilatation curves of both steels following isothermal holding in 

Fig. 15. LSCM micrographs of steel B after DTTT testing with holding at 400 �C, 350 �C, 325 �C and 300 �C followed by free cooling.  
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the temperature range 300–350 �C were largely similar, while a 
noticeable difference was observed on holding at 375 �C with relatively 
faster transformation in Steel A than in Steel B, obviously as a result of 
Nb and Mo alloying. At 400 �C, there was not much difference in initi-
ation of phase transformation, but the kinetics were quite sluggish in 
Steel B resulting in the lowest fraction of bainite (about 20% in 1 h). 

The MFS plotted against inverse absolute temperature showed a non- 
linear behaviour with the effect of temperature being stronger at the 
highest and lowest temperatures in the range of 300–400 �C and 
700–900 �C, whereas in the intermediate range of 500–700 �C the effect 
was minor. 

The microstructures of Steel A recorded at different temperatures in 
the bainitic regime showed phase mixtures of extremely fine bainitic 
ferrite (~150–200 nm) with film-like interlath austenite and blocky 
martensite/austenite (M/A) constituents at 300 �C and 325 �C, whereas 
at 350 �C and 400 �C, coarser bainitic ferrite formed, surrounded by 
large islands of M/A constituents. In contrast, Steel B showed significant 
fractions of martensite in specimens held at 375 and 400 �C, though the 
structure was relatively finer (~80–150 nm) at 300 �C compared to Steel 
A. 

A correlation between hardness and retained austenite content has 
been established in both the steels. While the highest retained austenite 
content (28.8%) and the lowest hardness (411 HV) in Steel A were ob-
tained following isothermal holding at 350 �C, Steel B retained a com-
parable austenite content (about 28%) following holding at both 325 
and 350 �C, with corresponding hardness varying in a narrow range of 
419–428 HV. A similar behaviour was observed in respect of average 
carbon content of the austenite with the highest carbon content (Steel A: 
1.27%; Steel B: 1.22%) obtained at intermediate holding temperatures 
of 325 �C. However, the carbon contents were marginally lower at 400 

�C (Steel A: 1.05%; Steel B: 0.61%) and 300 �C (Steel A: 1.07%; Steel B: 
1.11%) for both steels. 

Formation of untempered high carbon martensite during final cool-
ing has been observed for various samples of both the steels, particularly 
at 400 and 375 �C (for Steel A) and these have been shown to influence 
the final hardness of the samples. The computed carbon contents of the 
austenite transforming to martensite were found to be significantly 
lower than the average carbon contents estimated for the retained 
austenite using XRD, suggesting non-uniform carbon distribution in the 

Fig. 16. SEM micrographs of DTTT treated samples of steel A held at a) 300 �C 
b) 350 �C. 

Fig. 17. SEM micrographs of DTTT treated samples of steel B held at a) 300 �C 
b) 350 �C. 

Fig. 18. Vickers hardness HV5 and retained austenite content RA% as a func-
tion of holding temperature. 
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untransformed austenite affecting its stability. 
Hardness was higher in steel B than steel A. Mo þ Nb increased the 

hardness in every condition, even though the retained austenite content 
was mostly higher in steel B than steel A. The result indicates that Mo þ
Nb not only improved the hardness of the bainite, but also the retained 
austenite was strengthened by Mo þ Nb. 
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