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In the first part of the present study,1 two steels were designed with the aim of achieving

properties consistent with the specifications for the manufacture of seamless pipes. The alloys

were intended to develop into mixtures of bainitic ferrite and carbon enriched retained austenite

during cooling to ambient temperature from the pipe forming operations, thus avoiding the need

for subsequent heat treatment. Part 2 of the study deals with the characterisation and

understanding of the mechanical properties of the two alloys. Good combinations of strength

and toughness have been achieved.
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Introduction
In Part 1 of the present study1 two alloy systems
(Table 1) were designed in order eventually to facilitate
the production of seamless pipes without the additional
quench and tempering heat treatment that is currently a
part of the manufacturing process. The alloys were
shown to reliably produce the desired microstructure of
carbide free bainite under conditions appropriate to
industrial parameters. The work reported here deals
with the next stage in the development, i.e. the study of
the microstructure and properties of the alloys in the hot
rolled condition. The experimental techniques have been
described in Part 1 and hence are not repeated here.1

Microstructure in hot rolled condition
The microstructure of alloy 1 in the as rolled condition
consists of bainitic ferrite and retained austenite (Fig. 1a
and b); the fraction of austenite was determined using X-
ray analysis at 0?18¡0?01 (Table 1).1 The hardness of
this structure was 382¡5 HV20, close to that of the
dilatometric sample cooled at 0?2uC s21.1 No carbides
were observed in the as rolled microstructure, but the
size of some regions of austenite was as high as 5 mm.
These blocky austenitic regions are considered detri-
mental to toughness due to their tendency to transform
into coarse, untempered brittle martensite under the
influence of stress.2–4

In contrast alloy 2 has a perceptibly finer structure
(Fig. 1c and d), mostly composed of thin films of bainitic
ferrite and retained austenite. There were also some
small regions that may be identified as autotempered
martensite. The fraction of austenite was determined to
be 0?13¡0?01, present mostly as films ,1 mm thick
between bainite plates. The proportion of blocky
austenite appeared far less than in alloy 1. The hardness
was much higher than the as rolled alloy 1, at
468¡5 HV20, but again, consistent with samples cooled
at 0?2uC s21.1 It is reasonable therefore to conclude that
0?2uC s21 is a representative cooling rate for 16 mm
plates cooled in air after hot rolling.

The refinement of the microstructure of alloy 2
relative to alloy 1 is expected from its lower transforma-
tion temperature at any given cooling rate.5–8 Its greater
hardness is due both to the structural refinement and its
higher carbon concentration.

The tensile and impact properties in the rolled
condition are shown in Table 2. The yield to tensile
strength ratio is substantially lower in comparison to
quenched and tempered steels,9–12 although quite con-
sistent with hot rolled ferrite pearlite steels (Fig. 19 of
Ref. 13). Low yield ratios are typical in bainitic
microstructures containing free dislocations which are
introduced due to the displacive mechanism of trans-
formation.14–17 An additional factor is the mixed
microstructure in which the individual phases have
different mechanical properties.18,19

One interesting and counterintuitive observation is that
the stronger alloy 2 has better toughness than alloy 1; the
ductile to brittle transition temperature (as measured
using full size Charpy specimens) for the former is a
respectable 220uC whereas this rises to 25uC in alloy 1.
The higher carbon alloy therefore outperforms its lower
carbon counterpart in both strength and toughness. An
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increase in carbon content produces microstructural
refinement by a reduction in the transformation tempera-
ture. This refinement produces an increase in both
strength and toughness. There must of course be an
upper limit to the amount of carbon that can be added
to suppress transformation temperature because the
maximum quantity of bainite that can form is then
reduced via the incomplete reaction phenomenon.20,21

Heat treatments
Normalising treatments were carried out to study the
effects austenitic grain size, at temperatures 20–40uC
above the measured Ac3 (880 and 840uC for alloys 1 and
2 respectively). Because these are much lower than the
finish rolling temperature (1000uC), the austenitic grain
size was reduced to about 16–22 mm in both alloys
(Table 1).1 The mechanical property data in Table 3
show that the smaller austenite grain size does not lead
to any significant improvement in the tensile or
toughness properties, indicating that other factors
described below are of greater importance.

The best combination of properties, both in the as
rolled and normalised conditions, was obtained with
alloy 2. It was suspected that the microstructure may
benefit from tempering as a means to optimise proper-
ties; tempering treatments at temperatures up to 500uC
were therefore performed on as rolled specimens.
Figure 2 shows that an important increase in hardness
with a maximum at y300uC. The properties measured
in the tempered condition are given in Table 4.
Consistent with the hardness data, tempering at 300uC
led to a large increase in proof strength and a smaller
increase in the tensile strength, with their ratio increas-
ing from 0?67 to 0?79; at the same time, the upper shelf
energy of the Charpy tests also increased (Table 4). The

a,b alloy 1; c,d alloy 2
1 Scanning electron micrographs of hot rolled steel: optical micrographs have been presented in Part 1 (Ref. 1)

Table 2 Mechanical property data for as rolled condition

Alloy 1 Alloy 2

0.2% proof strength, MPa 816 965
Ultimate tensile strength, MPa 1185 1447
Proof to ultimate strength ratio 0.69 0.67
Elongation, % 15 15

Test
temperature, uC

Charpy
energy, J

Shear area, %

Alloy 1 25 24 25
0 20 ,20

220 17 ,20
Alloy 2 25 69 100

0 58 100
220 49 48
240 42 34

Table 1 Compositions (wt-%) of alloys 1 and 2; full
details in Ref. 1

C Mn S Cr Ni Ni

Alloy 1 0.24 0.09 1.27 1.00 0.23 3.64
Alloy 2 0.30 0.10 1.42 1.03 0.22 3.48

Gomez et al. Air cooled bainitic steels for strong, seamless pipes: Part 2

Materials Science and Technology 2009 VOL 25 NO 12 1509



fracture surface, illustrated in Fig. 3, shows 100% ductile
fracture at 0uC, with a ductile to brittle transition
temperature of about 220uC.

Tempering at 500uC also led to an enhancement of the
proof strength, but there was a dramatic deterioration in
the toughness, Table 4. The metallurgical mechanisms
responsible for the observed changes in mechanical
properties were investigated further using microscopy
and diffraction.

Figures 4 and 5 show features from the midthickness
of the untempered plate, and that tempered at 300uC.
The overall bainitic microstructure was essentially
unchanged by the low temperature heat treatment.
From the microstructural analysis it was uncertain
whether there was some kind of precipitation within

the bainitic ferrite during tempering at 300uC, or
whether the increase in hardness was due to some
decomposition of the remaining austenite. The X-ray
determined fractions of retained austenite are given in
Table 5. The concentrations are derived from the
Rietveld refined lattice parameters and assuming the
relationship between the parameter and composition as
in Ref. 22. The carbon content of ferrite is much higher
than consistent with equilibrium or paraequilibrium, but
its value remained almost unchanged during tempering.
This is consistent with previous studies,22,23 which
indicated that the excess of carbon in ferrite is
segregated to dislocations and hence is stabilised against
precipitation.24 This has been confirmed by direct
imaging.25 The retention of excess carbon is valid for
temperatures up to y500uC, where recovery processes
begin to anneal the dislocation structure.22 Thus, the
precipitation of carbides from the supersaturated ferrite
during tempering at 300uC was ruled out as an
explanation of the observed hardening; indeed, the
carbides could not be observed with certainty using
transmission electron microscopy (Fig. 5).

Another possible hardening mechanism is an addi-
tional decomposition of austenite into fine bainite
during isothermal holding at 300uC.26–28 Considering
that the maximum volume fraction of bainite corre-
sponding to the isothermal transformation at 300uC was
probably not achieved during continuous cooling, the

2 Hardness of hot rolled alloy 2 as function of tempering

for one hour at temperature indicated

Table 4 Mechanical property data for alloy 2 following tempering

As rolled Tempered 300uC Tempered 500uC

0.2% proof strength, MPa 965 1232 1040
Ultimate tensile strength, MPa 1447 1563 1409
Proof to ultimate strength ratio 0.67 0.79 0.74
Elongation, % 15 14 15

Test temperature, uC Charpy energy, J Shear area, %

As rolled 0 58 100
220 49 48
240 42 34

Tempered 300uC 25 75 100
0 68 100

220 52 49
Tempered 500uC 25 18 23

0 15 11
220 15 8

3 Surface of Charpy sample broken at room temperature,

alloy 2, tempered at 300uC

Table 3 Mechanical property data for normalised
condition

Alloy 1 Alloy 2

0.2% proof strength, MPa 838 968
Ultimate tensile strength, MPa 1213 1545
Proof to ultimate strength ratio 0.69 0.63
Elongation, % 12 14

Test
temperature, uC

Charpy
energy, J

Shear area, %

Alloy 1 24 34 38
0 29 25

220 22 15
Alloy 2 24 56 100

0 48 100
220 48 100
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retained austenite may continue to transform during
tempering. This possibility is consistent with:

(i) a reduction in the retained austenite fraction
from 0?13¡0?01 in the as rolled material to
0?10¡0?01 in the sample tempered at 300uC

(ii) an increase in the austenite carbon content

(iii) a dilatometric expansion during tempering
(Fig. 6).

Nevertheless, the measured decrease in Vc seems too
small to account for the large increase in the proof
stress. It is likely that the tempering at 300uC helps
reduced the density of mobile dislocations.

As pointed out earlier, tempering at 500uC leads to a
dramatic decrease in toughness, as is evident also from
the mode of fracture (Fig. 7). The tempering tempera-
ture is high enough to cause the retained austenite to
decompose into a mixture of ferrite and carbides, a

phenomenon which is well established to lead to a
decrease in toughness.2,3 This was supported by the X-
ray diffraction analysis, which showed that the retained
austenite in the tempered sample had decreased to
almost zero (Vc50?03¡0?02).

Summary
Mixed microstructures of bainitic ferrite and retained
austenite have been studied. The importance of main-
taining a low transformation temperature consistent
with microstructural refinement is evident from the
observation that toughness can be greater for a steel
which is stronger and contains a higher carbon
concentration.

The steels studied have a low proof strength to tensile
strength ratio but it is found that tempering at a low
temperature can significantly enhance the proof
strength, presumably by allowing the free dislocations
to be pinned by carbon. This is a useful tool given that
some requirements for pipes used in the oil and gas

a as rolled condition; b after tempering at 300uC
4 Scanning electron micrographs of alloy 2

5 Transmission electron micrograph of alloy 2 after

tempering at 300uC

6 Dilatometer strain recorded when sample of as rolled

alloy 2 is tempered at 300uC: expansion occurs indicating

transformation of austenite

Table 5 X-ray diffraction data: Vc is volume fraction of
retained austenite; xc and xa are carbon
concentrations of austenite and ferrite
respectively

Steel Vc xc, wt-% xa, wt-%

Alloy 2, as rolled 0.13¡0.01 1.2¡0.1 0.14¡0.03
Alloy 2, tempered at 300uC 0.10¡0.01 1.4¡0.1 0.15¡0.03
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industries specify a minimum proof strength and a
maximum hardness; to fulfill both conditions a high
proof to tensile strength ratio is needed. However,
tempering at a high temperature leads to the loss of
retained austenite and a large decrease in toughness.

Promising results were obtained with alloy 2 both in
the as rolled and tempered at low temperature condi-
tions. However for many high strength applications the
impact properties would have to be improved. The next
stage in the development of these alloys will involve
some chemical modifications and the analysis of other

processing routes. The results obtained will be used to
assess the feasibility of a full scale industrial trial.
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a scanning electron micrograph; b surface of broken
Charpy specimen tested at room temperature

7 Alloy 2 tempered at 500uC
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