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ABSTRACT: The properties of API steels can be remarkably improved:.through the proper selection of alloy
composition and an appropriate thermo-mechanical controlled processing (TMCP) route..Present investigation aims at
the study of the effect of thermal and thermo-mechanical processing on the evolution of microstructures and properties
of an API steel at different cooling rates. This investigation mainly-leads to better understanding of the influence of
deformation, annealing conditions (time and temperature)-and cooling rate on the microstructure and properties of the
API X60 grade steel.

The experiments consist of heating the specimens to austenizing temperature, isothermal holding at this temperature,
specific deformation and then cooling at various cooling rates. It.has been observed that the final microstructures and
hardness values are greatly influenced by the cooling rates as microstructural constituents change and average ferrite
grain size decreases with increase in-cooling rate.
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|. INTRODUCTION

The development of “high strength " linepipe steels plays an important role for a large number of steel
manufacturers. TMCP is one of the major determining factor in the development of high strength low alloy (HSLA)
steels*[1]. The main function of the linepipe steel is to improve the transport efficiency with higher pressure and
transmission rate for long distances. Therefore, linepipe steels must have high strength and toughness at extremely low
temperatures, which can be achieved in microalloyed steels. Microstructure of these steels generally consists of ultra-
fine ferrite grains with some fraction of bainite [2]. These are usually obtained through the high nucleation rate of
ferrite in highly deformed austenite with high dislocation density or high volume fraction of grain boundary in
recrystallised austenite with ultra-fine grain size [3-5]. The mechanical properties of API steel can be remarkably
improved through an appropriate TMCP parameters that refine and homogenize the final microstructure.

By the addition of various microalloying elements [6-8] such as Ti, B, V, Nb etc. and controlled thermo-mechanical
processing and cooling rates, the properties of API steels can be improved. Through the combination of optimum
composition and proper thermo-mechanical controlled processing, fine recrystallised grains of API steels can be
achieved. The original grains are deformed and are elongated as the slab is reduced in thickness between the two rolls
[9]. During this period, continuous deformation causes dislocation accumulation. If the dislocation density increases
above a critical value required for dynamic recrystallization (DRX), which is dependent on the deformation conditions,
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new strain free dynamically recrystallised grains will be formed on the elongated grain boundaries of the original grains
and begins to grow [10]. Microalloyed steel having reduced carbon content and high cleanliness results in excellent
field weldability [11-12]. During thermo-mechanical treatments, steels are heated up to austenitization temperature and
soaked at these temperatures for certain time period, then strained on a multipass schedule under continuous cooling
conditions, and cooled to room temperature.

Il. EXPERIMENTAL PROCEDURE

In the present investigation, as-received API-X60 grade steel plate of 11.3 mm thickness served as the starting material
for the experiments. The chemical composition (wt.%) of this material is shown in Table 1.

Table 1: Chemical composition of the material

Cc Mn S P Si Al Nb V N

0.063 | 1.28 | 0.005 | 0.018 | 0.27 | 0.026 | 0.024 | 0.045 | 0.008

Small pieces of the dimension 20mmx15mmx11.3mm were machined from the as-received API-X60 grade steel plate.
Thermal simulations at different cooling rates were carried out ‘using Gleeble™ 3800 thermomechanical simulation
system available at CSIR-NML, Jamshedpur. Figure 1 shows the thermodynamic predictions of the variation of volume
fraction of phases with temperature for this steel. This calculation was done using simulation software package
Thermo-Calc. Figure 1 reveals that dissolution temperatures of V(C,N) and Nb(C,N) are about 760 and 1080°C,
respectively. Based on the prediction, it can be concluded that all the V(C,N) and Nb(C,N) will be dissolved at the
temperature of 1100°C. Therefore, for thérmal simulation, it is planned to heat the specimens to the temperature of
1100°C for the dissolution of all the carbonitrides and then cooled to 950°C and homogenized before cooling the
specimens at various cooling rates.‘However, all the specimens were heated to the temperature of 1000°C at a rate of
5°C/s expect one specimen, which was isothermally hold at 1100°C. Specimens were heated at maximum temperature
of 1000°C, mainly to avoid the damage of tooling materials due to non availability of some of the consumables during
Gleeble experiments. It is-also observed, from. thermodynamic calculation that all the V(C,N) will be dissolved at the
temperature of 1000°C.

Predictions also reveal the partial dissolution of Nb(C,N) at this temperature.In these experiments, after holding the
specimen at the temperature of 1000°C for 300s, each specimen was free cooled to the temperature of 950°C. After
holding at this temperature for 60 s, specimens were immediately cooled at different cooling rates. Specimens were
cooled at wvarious linear rates of 1°C, 10°C and 20°C/s. Some of the specimens were free cooled (FC) and water
quenched (WQ). In one experiment, specimen was heated to the temperature of 1100°C at 5°C/s and held for 300 s and
allowedto free cool. Time temperature schedule of the tests conducted for different cooling rates is shown in Fig. 2.

DOI:10.15680/1JIRSET.2014.0308093
Copyright to JIRSET WWW.ijirset.com 15770


http://www.ijirset.com

ISSN(Online) : 2319-8753

International Journal of Innovative Research in Science,
Engineering and Technology

(An 1SO 3297: 2007 Certified Organization)

Vol. 3, Issue 8, August 2014

0.01
......... AIN
b4
# — NbB(C,N)
a comes V(C,N)
5
s MnS
g ooor L,
= LY
T T, S—
: -- .
9 :
0.0001 T~

600 700 800 9S00 1000 1100 1200 1300 1400

Temperature (°C)

Figure 1. Thermodynamic predictions of the variation of volume fraction phases with temperature for this steel.
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Figure 2. Time-temperature schedule:of the tests conducted for different cooling rates.

In another set of experiment, tests were conducted by applying different cooling rates after deformation of the samples
to a strain of 0.5 at strain rate of 1 s™. Figure 3. shows the time-temperature schedule of the deformation tests

conducted for different cooling rates. Expanded region of the time temperature curve reveals the fluctuation in
temperature due to the applied deformation load.
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Figure 3. Time-temperature schedule of the deformation tests conducted for different cooling rates.
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111, RESULTS AND DISCUSSION

Optical micrographs of as-received specimen along the transverse and longitudinal cross-section are shown in Figs.
4(a) and (b). The micrographs were taken from the centre region of the specimen. Optical micrograph of the as received
API X 60 materials shows predominantly polygonal ferrite with few pearlitic region (dark phase). However, elongation
of ferrite grains is more in longitudinal section. SEM micrograph, at higher magnification, as shown in Fig. 5, depicts
the lamellar structure of pearlite phase (marked as ‘p’) composed of alternating layers of ferrite:and cementite.

Figure 5. SEM micrograph, at higher magnification depicting the lamellar structure of pearlite phase (marked as ‘p”)

The optical micrograph of the specimens cooled at different cooling rate are shown in Fig. 6. These clearly reveal that
final microstructure of the specimens are greatly influenced by cooling rate. The transformed microstructures of this
steel are complex during the continuous cooling transformation processes.

For the cooling rate of 1°, 10° and 20°C/s (Figs. 6(a) to (c)), the microstructures reveal mainly polygonal ferrite and
pearlite. However, with increase in cooling rate average ferrite grain size decreases. It is interesting to note that no
formation of martensite in the microstructure was obtained in the water quenched specimen (Figs. 6(d)). In the water
quenched specimen, the austenite transforms to mainly fine grained quasi-polygonal ferrite and acicular ferrite. Figure
6(e) depicts the microstructure of the specimen free cooled from 1100°C without holding at 950°C. When the specimen
was free cooled from 1100°C (Figs. 6(e)), larger grain sizes in the microstructure is obtained in comparison to the
specimens cooled from 950°C (Figs. 6(a) to (d)). This is mainly because of the conditioning of austenite, which will be
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different at different holding temperatures. Micrograph in Fig. 6(e) mainly reveals the presence of quasi-polygonal
ferrite, acicular ferrite and bainite.

il ‘ { tcooling rates; (a) cooled at 1°C/s after holding at 950°C, (b) cooled at 10°C/s after
holding at 950°C, (c) cooled at E(”f"‘C/s i (d) water queﬁch after holding at 950°C and (e) free cooled from 1100°C.

The hardness measurements ied out for all the samples processed. Influence of cooling rate on average
hardness values of the /AP - is shown in Fig. 7. The hardness value increases with increasing
cooling rate. Free %ﬁled sa 100°C has the maX|mum hardness due to the presence of bainite
formation which be clearly see
by cooling rate: W
spemmens Free coolec
to the freg cooling of in
micro. (Jc re of free cooled
size‘in

cooleﬁpemmens have higher hardness values in comparison to other three
higher hardness value compared to water quenched specimen. This is due
0°C, whereas water quenched specimen cooled from 950°C. Therefore,
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Figure 7. Influence of cooling rate on average hardness values of the API-X60 steel specimens

Figure 8 shows the flow curves obtained for the above mentioned deformation conditions. The figure illustrates
reasonably good matching with stress-strain values for the two experiments conducted at identical conditions with
varying cooling rates after hot deformation. At the deformation temperature of 950°C and.constant strain rate of 1 s™,
flow curves display an increase in true stress with initial increase.in true strain. A clear.peak in the flow curve can be
seen at a true strain of about 0.275, thereafter flow stress gradually decreases. Presence of peak in the flow curve
indicates the occurrence of dynamic recrystallisation (DRX).
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Figure 8. Flow.curves obtained at the deformation temperature of 950°C and constant strain rate of 1 s™

Figure 9 shows the cross-sectional optical micrographs along the thickness direction of deformed specimen cooled at
1°C/s. Micrographs reveal the presence of polygonal ferrite with some pearlite. It is observed that average ferrite grain
size was finer, when the micrograph was taken from undeformed region (Fig. 9(a)) in comparison to deformed region
(Fig. 9(c)) from the same specimen. When the micrograph was taken from the region in between deformed and
undeformed portion, the microstructure clearly reveal the presence of large size ferrite grains in the deformed portion of
the specimen (Fig. 9(b)). This is mainly because of the formation of ferrite from the dynamically recrystallised
austenite from the deformed region. A kinetically competitive grain growth phenomena between the deformed and
undeformed regions may lead to increased size of the deformed regions compared to the undeformed regions.
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Figure 9. Optical microstructures of deformed specimen cooled at 1°c/s; @mdeformed regte
on

The cross-sectional SEM micrographs of deform
specimens cooled at 1°C/s as well as specimen allo
respectively. Comparison of SEM micrographs clear
constant cooling rate of 1°C/s in comparlson to free cooled specimen.

\\\larg fgrrlte grain size in the spemmen cooled at

aken from deformed region along thickness direction of hot deformed specimens

. 1°C/s after deformation, (b) Free cooled after deformation

< IV.CONCLUSIONS
Based on the ﬁm{ Pl

1) As-received APl X60 materials predominantly consisted of polygonal ferrite with few pearlitic regions.

2) The microstructures are greatly influenced by cooling rate. Microstructures of the specimens cooled at
different linear cooling rates up to 20°C/s reveal mainly polygonal ferrite and pearlite. With increase in
cooling rate average ferrite grain size decreases.

3) Hardness values also considerably affected by cooling rate. Water quenched and free cooled specimens have
higher hardness values in comparison to the specimens cooled at different linear cooling rates up to 20°C/s.

4) Flow curves of the hot deformed specimens, at strain of 0.5 and strain rate of 1 s™, reveal initial work
hardening and the occurrence of dynamic recrystallisation (DRX) at 950 °C. The kinetics of recrystallisation
and grain growth leads to larger grain size in the deformed region compared to undeformed region.

in the present study, the following conclusions can be drawn:
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