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Abstract
Using metallurgical models, three steels were designed to obtain carbide-free bainitic structures
in the as-rolled condition. Experimental castings were hot-rolled in a pilot mill and their austenite
decomposition kinetics were measured using dilatometry. Tensile and Charpy impact properties
were measured and the microstructures were characterised using X-ray diffractometry, optical
and scanning electron microscopy. Promising results were obtained when the microstructure
was composed of a fine mixture of bainitic ferrite and retained austenite. In this case, 140 ksi
(965 MPa) of yield strength was achieved in combination with good toughness. Conversely,
when the structure was coarse with blocks of retained austenite between bainitic sheaves or
when large martensitic regions were present, the impact properties were strongly impaired.

1 Introduction
Quenching and tempering is the standard route in the production of strong steels [1–3]. One
interesting alternative to get the same or improved mechanical properties avoiding heat treatments [4, 5] using alternative microstructures generated by continuous cooling transformation
following hot–processing. It becomes difficult to adopt this route when the strength required is in
excess of 1000 MPa whilst maintaining toughness in thick section, but there has been progress
in the context of continuously cooled, carbide–free bainitic steels [6–8]. The chemical composition of these steels must be such that the ferrite and pearlite reactions are avoided during air
cooling from austenite. The loss of toughness and ductility commonly observed with bainite is
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related to the presence of coarse cementite particles between the bainitic ferrite sheaves [9].
To avoid this problem, the cementite formation can be inhibited by the addition of about 1.5
wt% of Si or Al [10–24]. These elements do not dissolve in cementite and hence suppress its
precipitation [25–27]. The expected as–rolled structure is a fine mixture of ferrite plates and
retained interlath austenite that achieves strength without sacrificing toughness.
The purpose of this work was to create a carbide–free bainitic steel with a specified combination
of strength and Charpy toughness by continuous cooling from austenite over a range of cooling
rates consistent with industrial processing. The methodology is partly based on the procedures
described in [6–8].

2 Alloy design
The objective was to obtain a mixed microstructure consisting of bainitic ferrite and films of retained austenite during air cooling from the austenitic range. From calculations performed with
a finite element thermal model it was estimated that for material thicknesses between 24 mm
and 6 mm, the average cooling rate at the exit of the hot–rolling mill used, for a rolling temperature in the range 1100-950◦C, is between 0.1–0.5◦ C s−1 . Three alloys were designed both to
achieve the desired microstructure within the processing range and to assess the methodology
used to design the alloys. The concentration of each element was selected with the aid of
a metallurgical model for the calculation of time–temperature–transformation (TTT) diagrams
[28–31]. The resulting specifications of the alloys are listed in Table 1.
Table 1: Chemical compositions (wt%) of the steels used.
Alloy 1
Specified Actual
C
Mn
Si
Cr
Mo
Ni
Al

0.25
0.10
1.40
1.00
0.25
3.6
0.03

0.24
0.09
1.27
1.00
0.23
3.64
0.014

Alloy 2
Specified Actual
0.30
0.10
1.40
1.00
0.25
3.6
0.03

0.30
0.10
1.42
1.03
0.22
3.48
0.040

Alloy 3
Specified Actual
0.35
0.60
0.30
1.70
0.25
3.6
1.20

0.32
0.61
0.30
1.74
0.25
3.58
1.25

Alloys 1 and 2 differed only in the carbon concentration, to enable its significance on the
microstructure and properties to be quantified. Alloy 3 in contrast was significantly different,
with the largest carbon concentration to enhance microstructural refinement, and silicon substantially replaced with aluminium as the cementite inhibiting solute. Since aluminium also
increases the free energy of transformation of austenite to ferrite, the hardenability had to be
adjusted with the help of larger manganese and chromium additions.
The role of the solutes can be summarised as follows:
2

• Carbon to depress the bainite–start temperature (B S ), and hence to refine of the microstructure [32–38].
• Silicon and aluminium both inhibit the precipitation of cementite so that the carbon that is
partitioned into the austenite remains there and is retained at room temperature.
• Chromium, molybdenum and nickel all enhance hardenability. Molybdenum also enhances resistance to temper embrittlement [39, 40].
• Manganese enhances hardenability but its concentration must be kept to a minimum to
avoid banded microstructures [41, 42] and avoid blocky regions of retained austenite
[43, 44].
Kinetic calculations using the metallurgical model [28–31] indicated that all three alloys would
present a mainly bainitic microstructure after cooling at 0.1-0.5 ◦ C s−1 . At the lower end of this
range some allotriomorphic ferrite was expected to form but the fraction obtained was only 0.05
due to the sluggish reaction kinetics. Conversely, martensite was expected for cooling at rates
higher than 0.5◦ C s−1 . Its maximum amount was difficult to estimate due to uncertainties in the
calculation of the bainite reaction kinetics.
On the basis of the calculations, it was expected that the final microstructure would be composed of bainite for cooling rates in the range 0.1–0.5 ◦ C s−1 . The calculated BS temperatures
were 471◦ C, 446◦ C and 423◦ C for Alloys 1, 2 and 3 respectively. A low transformation temperature is conducive to a fine structure capable of achieving high strength without compromising
toughness.

3 Experimental
Three alloys were prepared as 20 kg melts in a vacuum induction furnace. The obtained steel
chemistries are shown in Table 1. The resulting slabs of 140 mm thickness were hot rolled
in a pilot mill to a final thickness of 16 mm. During hot rolling, the reheating and finishing
temperatures were 1200–1250◦C and 1000–950◦C respectively. After hot rolling, the plates
were air cooled to room temperature. The as–rolled microstructures were characterised using
optical and scanning electron microscopy, Vickers hardness, and X–ray diffractometry.
Standard tensile and Charpy V–notch tests using 10 × 10 × 50 mm samples were conducted on
the as–rolled steel. The reported ensile properties represent an average of two repeated tests.
Similarly, the impact properties measured at room temperature, 0 ◦ C, −20◦ C and −40◦ C correspond to averages over three repeated tests for each temperature. The lengths of the Charpy
samples were in all cases parallel to the transverse direction of the steel plate (perpendicular
to the rolling direction) and the V–notches were machined in the through–thickness direction.
Continuous cooling transformation (CCT) diagrams were determined using a Gleeble thermomechanical simulator. The resulting samples were characterised using optical microscopy and
hardness measurements.
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4 Continuous Cooling Transformation Diagrams
Measured CCT diagrams are shown in Fig. 1. The samples were heated at 5 ◦ C s−1 up to 1000◦
and then immediately cooled without holding at the maximum temperature. The cooling rates
used were constant and in the range 0.1–10 ◦C s−1 . The measured austenite grain size was for
all the samples, in the range 40–60 µm.
In Fig. 2 shows the hardness values as a function of the cooling rate and alloy. The calculated
hardness values [45] of the fully martensitic alloys are represented as horizontal lines.
When comparing the transformation kinetics of Alloys 1 and 2 (Fig. 1, it is evident that the
greater carbon concentration of the latter does not significantly influence B S . There was nevertheless a noticeable reduction in the rate of transformation of Alloy 2l as can be seen in the
shift of the fraction–transformed contours to lower temperatures.
Alloy 3 shows peculiar behaviour. With its enhanced Cr and Mn content, the cooling rate
necessary to obtain 90% martensite is reduced from 2 ◦ C s−1 in Alloys 1 and 2, to 0.8◦ C s−1
in Alloy 3. At the same time, the large aluminium concentration accelerates the early stages
of the allotriomorphic ferrite reaction. But in spite of this, at least 80% of the transformation
occurs below the calculated BS = 324◦ C when the material is cooled at 0.1 ◦ C s−1 , so most of
the transformation at all cooling rates occurs at low temperatures.
Finally, it is important to note that the full line denoting the M S temperature is determined from
an abrupt change in the slope of the transformation strain versus temperature curve during
continuous cooling. Those for Alloys 1 and 2 are not plotted for cooling rates less than 0.5 ◦ C s−1
because martensitic transformation was absent. In contrast, Alloy 3 always exhibited martensite
even down to a cooling rate of 0.1 ◦ C s−1 .

5 As–Rolled Microstructures
Scanning electron micrographs of Alloy 1 in the as–rolled condition are shown in Fig. 3a,b;
as expected, they show the mixture of bainitic ferrite and retained austenite. The fraction of
austenite was determined using X–ray diffraction a 0.18 ± 0.01, where the error is estimated
from Rietveld analysis of the X–ray patterns. Some of the austenite was present in the form of
blocks as large as 5 µm in size. The hardness of the microstructure wa 382±5 HV20.
In contrast, the microstructure of Alloy 2 in the as–rolled state seems much finer, Fig. 3c,d.
There were also some small regions identified as retained austenite and slightly auto–tempered
martensite. The retained austenite content was determined to be 0.13 which is smaller than
that of Alloy 1, but few blocky regions of austenite were observed; blocks of austenite are
known to be detrimental to toughness [22, 46]. The blocks tend to transform into coarse, high–
carbon, untempered and brittle martensite under the influence of stress. The hardness of the
microstructure was much higher, 468±5 HV20, a value similar to that obtained after heat–
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(a)

(b)

(c)
Figure 1: CCT diagrams for samples with an austenite grain size in the range 40–60 µm and
austenitisation temperature of 1000 ◦ C. (a) Alloy 1. (b) Alloy 2. (c) Alloy 3. The terms α, α b and
α# refer to allotriomorphic ferrite, bainite and martensite respectively.
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Figure 2: Vickers hardness using a 20 kg
load.
The horizontal lines represent in
ascending order, the
hardness values of Alloys 1,2,3 respectively,
in their fully martensitic
states.

treatment in the Gleeble experiments for a cooling rate of 0.2 ◦ C s−1 . From this, it is concluded
that 0.2 ◦ C s−1 was the average cooling rate when the hot 16 mm plates were cooled in air after
hot rolling.
The reason why the microstructure of Alloy 2 is refined relative to Alloy 1 is that the transformation temperature is suppressed by the higher carbon concentration. It is well known [32–35]
that finer bainite is obtained by transformation at lower temperatures. This also explains the
greater hardness obtained.
Fig. 3e,f shows the corresponding micrographs for Alloy 3. The microstructure is fine but there
are significant regions of untempered martensite which will have a high carbon concentration
due to the partitioning of carbon associated with the bainite transformations. The appearance
of martensite could be anticipated from the dilatometric measurements (Fig. 1, which showed
that martensite is obtained for cooling rates as low as 0.1–0.2 ◦ C s−1 , i.e., the rate associated
with the air cooling of hot 16 mm thick plate.

6 Properties in the As–Rolled Condition
The tensile and impact properties measured for all the alloys in their hot–rolled condition are
presented in Tables 2 and 3.
Of the two high–silicon Alloy 2 outperforms Alloy 1 on both the strength and toughness criteria; this is unusual because the toughness usually deteriorates when the strength increases.
Furthermore, Alloy 2 also has a higher carbon concentration, which in general also leads to a
decrease in impact properties.
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Figure 3: Scanning electron micrographs taken form the as–rolled condition. (a,b) Alloy 1, (c,d)
Alloy 2, (e,f) Alloy 3.
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The reason why the increase in carbon concentration has led to better mechanical properties
is first that the microstructure is greatly refined by the consequent suppression of transformation temperature (Fig. 3a–d). At the same time, the suppression of transformation in Alloy 2
leads to a reduction in the amount of blocky austenite, which prevents the formation of large
regions of brittle untempered martensite during the early stages of deformation. Large regions
of martensite are more prone to cracking than smaller ones [47].
Table 2: Tensile test data from the hot–rolled plates.

Alloy 1
Alloy 2
Alloy 3

0.2% Proof Strength
MPa
ksi

Ultimate Tensile Strength
MPa
ksi

816
965
1040

1185
1447
1645

118
140
151

172
210
239

Proof / Ultimate
ratio
0.69
0.67
0.63

Table 3: Charpy impact test data from the hot–rolled plates, for V–notched 10 × 10 mm cross–
sectioned specimens.

Alloy 1

Alloy 2

Alloy 3

Test temperature / ◦ C

Energy Absorbed / J

% shear area

24
0
−20

24
20
17

25
< 20
< 20

69
58
49
42

100
100
48
34

24
0
−20

23
21
22

25
23
19

24
0
−20
−40

Regarding Alloy 3, the observed high strength in combination with low toughness can be directly
associated to the presence of significant quantities of martensite in the as–rolled structure.
The experiments show that the best combination of mechanical properties is obtained in Alloy 2
and furthermore, the CCT diagram fro this steel shows that only minor microstructural changes
are expected when the steel is cooled from austenite at rates in the range 0.15–0.30 ◦C s−1 .
These rates correspond to air–cooling of plate with thickness in the range 16–8 mm. This kind
of tolerance is useful from an industrial point of view.

8

7 Conclusions
The alloy design and subsequent experiments show that in Si or Al–containing steels, the optimum combination of strength and toughness is associated with a fine microstructure composed
of bainitic ferrite and retained austenite. As has been observed previously, blocky austenite is
to be avoided.
The most promising combination of mechanical properties was obtained with Alloy 2 which in
its as–rolled condition had a proof strength of 140 ksi (965 MPa), 69 Joules of impact energy
at room temperature and a ductile to brittle transition temperature of −20 ◦ C.
However, for many high strength applications impact properties have to be improved. With this
aim new steel chemistries and processing conditions are being considered, including the use
of normalising and low–temperature tempering treatments.
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