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Abstract
High-carbon steels which are transformed into extremely fine bainite plates embedded in a
matrix of carbon-enriched austenite have recently been developed, and have found commercial
application in the manufacture of engineering components. However, because of the large carbon
concentration, they cannot be welded and this limits the scope for their exploitation. A method is
reported here by which the mixture of bainitic ferrite and retained austenite is regenerated to
prevent the austenite that is generated by the heat input during welding, from transforming into
brittle martensite. The microstructures of the fusion and austenitised zones were characterized by
X-ray diffraction, scanning electron microscopes and transmission electron microscopy. Tensile
and micro-hardness tests were carried out to evaluate the mechanical properties. The results show
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that a bead-on-plate weld with the tensile strength of 1850 MPa and the hardness of 600 HV can in
principle be been achieved; these properties almost match those of the base metal.

Keywords: Nanostructured Bainitic Steel; Welded Joint; Regeneration; Tensile Strength.
1. Introduction
A series of bainitic steels has been developed with an ultimate tensile strength as
high as 2.3 GPa and hardness in the range 600-670 HV [1-4]. Both properties are
attributed to the fine scale of the carbide-free bainitic ferrite and retained austenite
mixture. However, industrial applications of this high-carbon nanostructured bainite
are limited because it is difficult to weld [5]; the high carbon concentration (~0.8 wt%)
makes it susceptible to cracking in the welded joint due to the formation of brittle,
untempered martensite. Hong et al. [6] attempted a rapid post-weld heat treatment to
prevent cold cracking by generating a mixture of mildly-tempered martensite and
about 40% retained austenite, but unfortunately, the accompanying cementite
precipitation ruined the mechanical properties of the joint [7, 8]. Furthermore, the
strength of welded joint following the rapid treatment was not as high as that of the
base metal.
The ideal scenario would be to obtain fine bainite again after welding, both in the
fusion and heat-affected zones. A method called regeneration is proposed here to
obtain a welded joint with the same microstructure as base metal, so that the
mechanical properties do not deteriorate. The regeneration technique is carried out
after welding. As the welded joint cools towards the bainite-start temperature BS, it is
transferred into a furnace set at a temperature between BS and MS (martensite-start)
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and held there to permit the bainite to grow again from any austenite generated during
welding process.
2. Experimental procedure
2.1 Materials and experimental procedure
High-carbon ingot steel was austenitised at 1000°C for 20 min, followed by
isothermal transformation at 250°C in a furnace for 5 days and finally quenched in
water. Its chemical compositions are listed in Table 1. As expected [9, 10], the
structure, illustrated in Fig. 1, consists of a mixture of carbide-free bainitic ferrite and
carbon-enriched retained austenite.
Plate specimens in dimensions of 2!40!100 mm were machined by spark wire
cutting. Bead-on-plate welds with autogenous gas tungsten arc welding were
performed along the centerline of these specimens. The welding parameters are listed
in Table 2. The specimens for conventional welding were air cooled without heat
treatment. Those destined for regeneration were cooled in air, with the temperature of
the outer surface monitored using a thermocouple, to ensure they are transferred into
the furnace at a temperature just above the regeneration temperature.
2.2 Metallography
The welded joint was sectioned longitudinally and after metallographic
preparation, etched using 2% nital. The microstructure was characterised using optical
and scanning electron microscopy (Hitachi S-3400N). Foils for transmission electron
microscopy (Tecnai G2-F30) observation were thinned to less than 50 µm with emery
paper and "nished by twin-jet electro-polishing using a solution of 5% perchloric acid
in methanol. The volume fraction of retained austenite in the fusion zone was
3
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measured using X-ray diffraction (XRD, D/max-rB) according to the method
described in Ref. [11]. Welding specimens were cut off along the joint centreline.
After grinding and final polishing using a 2.5 µm diamond paste, an undeformed
surface was obtained. Four specimens were put together to achieve a large enough
surface. The scanning rate used was 1°/min, at 40 kV and a 40 mA current. The
retained austenite content was calculated from the integrated intensities of (200),
(220), and (311) austenite peaks, and those of (200), (211), and (220) planes of ferrite.
Using three peaks from each phase avoids biasing the results owing to any
crystallographic texture in the specimens.
2.3 Mechanical properties testing
The hardness across the weld cross-section was measured using a Vickers’s
micro-hardness testing machine with a 200 g load. The test lines parallel to the
surface of the plate were located at along the centre of the thickness direction. The
tensile properties of nanostructured bainitic steel base metal and welded sample
following regeneration were tested at room temperature on the Instron-5569 electronic
universal experiment machine. Cross-weld test samples with width of 1 mm and
thickness of 2 mm for testing area were prepared by spark wire cutting. They were
then ground using emery paper to eliminate the effect of welding deformation and
surface defect. The elongation was measured by an extensometer with gauge length is
10mm.
3. Results and Discussion
3.1 Design of experimental technique
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An approximate assessment of the isothermal transformation kinetics was made
using a computer program MAP_STEEL_MUCG46_90 that incorporates the
thermodynamics and kinetics of solid-state transformations in steels [12]. The
calculated time-temperature transformation (TTT) diagram for the initiation of
transformation is shown in Fig. 2, from which it can be seen that bainitic
transformation starts at about 300°C, and martensite at 136°C. Using this information,
the regeneration temperature was determined to be 250°C, that is, the welded samples
after cooling to 300°C, were transferred into a furnace at 250°C and kept there for
five days prior to cooling to room temperature.
3.2 Microstructure
Fig. 3 shows the optical microstructure of a conventionally welded joint with the
area between the dotted lines subjected to prolonged etching. There are four regions,
including the fusion, austenitised and tempered zones, and finally the base metal.
According to the chemical compositions and TTT diagram of nanostructured bainitic
steel, martensite should be present in both the fusion and austenitised zones, as
confirmed by the micrographs in Fig. 4. Cracks can be found, originating from the
partially melted zone. Fig. 5 shows the welded joint with regeneration treatment. The
fusion and austenitised zones are easy to etch compared to that of conventional
welding, while their corrosion degree is similar to base metal, which indicates that the
microstructure of fusion and austenitised zones is probably bainite rather than
martensite. In addition, it can be seen from Figs 3 and 5 that a lot of black-etching
cementite precipitates are observed in tempered zone.
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Fig. 6 shows the scanning electron micrographs from the two welds. The fusion
zone is composed of a columnar solidification structure. Martensite is apparente in the
conventionally welded joint, as shown in Fig. 6c. In contrast, mixed microstructures
consisting of film-like bainite and austenite and blocky austenite appear in the fusion
zone of the joint with regeneration, as shown in Fig. 6d. The bainite and
austenite-films are located mainly in the core of dendrites, while blocky austenite is
apparent at the boundaries. Fig. 6e shows the microstructure in the austenitised zone,
also consisting of the fine mixture of bainite and austenite. Compared to the
microstructure of nanostructured bainite base metal (Fig. 6f), it can be seen from Fig.
6d and Fig. 6e that the apparent thickness of bainite plates increases both in fusion
zone and austenitised zone. At the same time the scale of blocky austenite becomes
coarser in the fusion zone, and at the dendrite boundaries, presumably because of
chemical segregation during solidification. C, Si, Cr and Mn, tend to segregate
between dendrite arms, leaving the dendrite cores depleted in these solutes. Table 3
gives the approximate alloy element compositions of the core (‘a’ in Fig. 6d) and
inter-dendritic (‘b’ in Fig. 6d) regions; carbon is excluded since it is not amenable to
analysis using routine energy dispersive X-ray spectroscopy. It can be seen that the
alloying element content of the inter-dendritic regions is greater than that in the cores
of the dendrites. In this condition, only a small amount of bainite forms between the
dendrite arms. On one hand, increasing carbon content will reduce the maximum
fraction of bainitic ferrite that can form at the regeneration temperature [13]. On the
other hand, increasing alloying elements content will improve the stability of
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undercooled austenite [14-17], reduce formation rate of bainite, and then limit the
amount of bainitic ferrite during regeneration treatment. Therefore, the austenite in
the inter-dendritic regions becomes blocky.
The stability of austenite between dendrite arms in the regenerated weld is
surprising, but is understood by the partitioning of carbon from the dendrite cores
where bainite forms first [18-20]. As a result, the MS temperature is reduced to below
room temperature, thus stabilising the austenite and avoiding the brittle martensite
that forms in the corresponding inter-dendritic regions in the conventional weld.
In order to determine the microstructural evolution after conventional welding
and welding with regeneration, the volume fractions of retained austenite were
measured by XRD, Fig. 7. For the conventional weld, the ferrite lattice parameter
increases because of martensite transformation without carbon diffusion. Therefore,
ferrite peaks move to the left and austenite peaks move to the right. The calculated
fractions of retained austenite are lifted in Table 4. It can be seen that the amount of
retained austenite in fusion zone of welded joint with regeneration is a little less than
that of nanostructured bainite base metal.
Typical TEM micrographs and corresponding electron diffraction patterns from
the fusion zones of the two welds are shown in Fig. 8. It can be seen that the
substructure of the martensite in the conventional weld contains twins, while a lath
structure is typical in the regenerated joint. Electron diffraction patterns prove that the
lath structure is composed of # and $, i.e. bainitic ferrite and retained austenite.
3.3 Mechanical properties
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Fig. 9 shows the distribution of micro-hardness across the welded joints. The
fusion and austenitised zones exhibit high hardness in the conventional joint, at about
900 HV. In contrast, for the welded joint with regeneration, the hardness is only about
600 HV in the fusion zone, similar to that of the base metal. It is evident that the
regeneration treatment avoids the very large hardness values of the conventionally
welded samples.
Fig. 10 shows the stress-strain curves of base metal and the welded joint with
regeneration. It can be seen that for nanostructured bainitic steel, the ultimate tensile
strength is as high as 1950 MPa and the elongation is about 2%; for welded joint with
regeneration, the ultimate tensile strength and elongation are 1410 MPa and 0.8%,
respectively. This is much higher than that of conventionally welded joint, which is
too low owing to cold cracks formation.
Because in the case of the regenerated joint, fracture occurred in the tempered
zone, a tensile test sample containing only the fusion and austenitised zones was
prepared, as shown in Fig. 11a. Fig. 11b shows that the fracture takes place in fusion
zone, and the ultimate tensile strength is 1852 MPa. This means that the regeneration
treatment after welding successfully realises the required bainitic microstructure
regeneration in the fusion and austenitised zones, improves their performance, and
therefore transfers failure from the from fusion and austenitised zone [2, 5, 6] to
tempered zone.
Peet [21] has pointed out that the strength and hardness of tempered
nanostructured bainite decreased with tempered temperature and time increasing (e.g.
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heat input). And it can be seen from Fig. 9 that the hardness of tempered zone
decreases with the peak temperature increasing. So, a low heat input during welding
should improve the mechanical properties of tempered zone, e.g. the welded joint
with regeneration. At the same time, a low heat input will also reduce the width of
tempered zone, which potential to further enhance the mechanical properties.
Therefore, if regeneration treatment is used in combination with a low heat input
welding method, such as laser welding, it may lead to a further optimisation of the
mechanical properties of the welded joint in base metal that is nanostructured bainite.
4. Conclusions
Microscopic cracks are easily found in conventionally welded joints of
nanostructured bainitic steel because of the generation of untempered, high-carbon
and brittle martensite due to the heat input from the welding operation. A regenerating
heat treatment has been designed to avoid this cracking. The weld, before it cools
below 300°C, is transferred into a furnace at 250°C in order to allow any regions that
become austenite at high temperatures, to transform into bainite of a similar form to
the original base metal. This dramatically reduces the tendency for cracking and the
tensile properties obtained for the fusion and reaustenitised regions are promising.
One further problem remains, that the tempered region in the heat affected zone
of the welded joint becomes the point of failure in cross-weld tensile tests. It is
suggested that further experiments involving low heat input welding may mitigate this
issue.
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Figure captions
Fig.1. Transmission electron micrograph of nanostructured bainite
Fig.2. Calculated time-temperature-transformation diagram, ‘P’ stands for pearlite
Fig.3. Conventionally welded joint
Fig.4. Cracks in conventionally welded joint
Fig.5. Welded joint with regeneration
Fig.6. Scanning electron micrographs of (a) fusion zone of conventional welding joint,
(b) fusion zone of welded joint with regeneration, (c) magnified views of the
regions in (a), (d) magnified views of the regions in (b), (e) austenitised zone of
welded joint with regeneration, (f) nanostructured bainitic steel
Fig.7. XRD patterns of nanostructured bainite base metal and weld metal of two
welded joints
Fig.8. Typical TEM micrographs and electron diffraction patterns in fusion zone of (a)
conventionally welded joint, (b) welded joint by regeneration
Fig.9. Plot of hardness values as function of distance to centreline of weld
Fig.10. Stress-strain curves by tensile test
Fig.11. Tensile test sample for fusion and austenitised zones with regeneration (a)
before stretching, (b) after stretching
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Tables
Table 1 Chemical compositions of the steel (wt%)
Element

C

Si

Cr

Mn

Al

S

P

V

Fe

Wt%

0.76

1.63

1.31

1.04

0.01

0.003

0.008

0.1

balance

Table 2 Welding parameters
Welding

Welding

Welding

Shielding Gas Flow

Current

Voltage

Speed

(Argon)

140A

20V

185 mm/min

7.5 L/min

Table 3 The alloying elements compositions of the solute-depleted and
solute-enriched regions (wt%)
Si

Cr

Mn

a

2.07

1.41

1.37

b

2.56

2.17

1.92

Table 4 The calculated fractions of retained austenite of nanostructured bainite base
metal and the two welds

V $, %

Welded joint with

Conventionally welded

Nanostructured bainite

regeneration

joint

base metal

17.59

16.99

19.12
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Fig.7
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Fig.9
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Fig.11
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