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Abstract: The effect of tempering temperature on the microstructure and mechanical properties of ultra-high strength, copper-
bearing, low-carbon bainitic steel has been investigated in the experiment. The results showed that the microstructure was mainly the
laths of bainite in the as-quenched steel. The bainitic laths were restored and combined after the steel tempered at various tempera-
tures. There were martensite/austenite (M/A) islands and numerous dislocations within and between the bainitic laths, while very fine
precipitates of e-Cu were also observed within the laths. With increasing the tempered temperature from 400 to 600°C, the yield
strength (YS) increased from 877 10 957 MPa, whereas the ultimate tensile strength (UTS) decreased from 1020 10 985 MPa. The
Charpy V-notch (CVN) varied from 68.5 to 42 J, and the value was minimal for the steel tempered at 500°C.
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due to the finer e-Cu and niobium carbide precipitates
[7]. In this study, the influence of tempering tempera-
ture and €-Cu precipitation on the microstructure and
corresponding mechanical properties has been re-
searched for an ultra-high strength (900 MPa), copper-
bearing, low-carbon bainitic steels, which has been
subjected to TMCP and DQ & T processes.

1. Introduction

The ultra-high strength, copper-bearing, low-carbon
bainitic steels with excellent comprehensive mechani-
cal properties based on the strengthening mechanisms
of grain refinement, solid solution strengthening, dis-
location strengthening, and particle precipitation have
been paid increasing attention in the past decades [1-
3]. Thermomechanical controlled processing (TMCP),

. : : ) 2. Experimental
which involves prior austenite grain refinement and

dislocation substructure strengthening has become
another technique to improve its strength and tough-
ness by controlling the final microstructure of the steel
[4-6]). Yoo and his coworkers found that the steels
which were subjected to TMCP and direct quenching
and tempering processes (DQ & T) had higher
strength and tempering resistance than reheat
quenching and tempering processes (RQ & T) steel

A Cu bearing ultra-low carbon steel was melted in a
50-kg vacuum-induction furnace and was cast into in-
got. The ingot was then soaked at 1250°C for 2 h and
controlled rolled to a 16-mm thick plate; subsequently,
the rolled plate was quenched in water at 550°C and
then cooled in air to room temperature. Its chemical
composition is given in Table 1.

Table 1. Chemical composition of the investigated steel wit%
C Si Mn P S Ni Mo Nb Ti B/ ppm
0.045 0.32 1.43 0.007 0.005 0.71 0.30 0.027 0.018 13

To study the effect of the tempering temperature
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and e-Cu precipitates on the microstructure and
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mechanical properties, the as-quenched steel was tem-
pered at 400, 500, and 600°C, respectively. Micro-
structure examination of DQ and tempered steels were
conducted by an XJL-02A microscope. Thin foil spe-
cimens were prepared by a twin-polishing technique
using an electrolytic solution containing 95% acetic
acid and 5% perchloric acid. These foils were exam-
ined in a JEM2000FX-II transmission electron micro-
scope operated at 150 keV to observe the details of the
microstructure. Tensile test was carried out on a 6-
mm-diameter specimen in a 30-t capacity model uni-
versal testing machine.

3. Results and discussion

3.1. Microscopy
(1) Optical microscopy.

Figs. 1(a)-(d) shows the microstructures of steel in
quenched condition and after tempering at 400, 500,
and 600°C for 1 h, respectively. The microstructure
appears to be a lath-like bainite in the as-quenched
condition. The bainitic laths were restored and com-
bined after the steel had been tempered at different
temperatures.
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Fig. 1. Optical micrographs of the steel: (a) quenched condition; (b) tempered at 400°C; (c) tempered at 500°C; (d) tem-

pered at 600°C.

(2) Transmission electron microscopy.

Figs. 2(a)-(c) shows the transmission electron mi-
crographs of the steel tempered at 400, 500, and
600°C, respectively. The bainitic laths were found to
be associated with martensite/austenite (M/A) islands
at lath boundaries after the steel was tempered at
400°C (Fig. 2(a)), there were numerous dislocations
within and between the bainitic laths, and very fine
precipitates of Cu were also observed within the laths.
The micrographs in Figs. 2(b)-(c) show partially re-
covered matrix with Cu precipitates. The austenite

was transformed to bainite or sorbite, and the disloca-
tion density decreased after the steel was tempered
at 500-600°C.

Figs. 3(a)-(c) shows the fine €-Cu precipitates of
the steel tempered at 400, 500, 600°C, respectively. It
can been seen that the Cu precipitates in the steel tem-
pered at 400°C were very fine. The precipitates be-
came coarse, when the tempering temperatures in-
creased from 500 to 600°C. Osamura et al. [8] in their
study of Fe-Cu alloys indicated that bce copper-rich
clusters precipitated first from supersaturated o-iron,
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which subsequently transformed to fcc phase when
they grew beyond a critical size. However, none of the
early investigators observed bce Cu clusters by trans-
mission electron microscopy, whereas Pande et al. [9]
used small-angle neutron scattering method of char-

(3) Fractography.

Typical SEM fractographs of Charpy impact spe-
cimens of tempered plates tested at —20°C are shown
in Figs. 4(a)-(c). The fracture topographies of speci-
mens tempered at 400 and 500°C exhibited micro-
voids, whereas there was a slight cleavage also. The
fracture surfaces of the steel tempered at 600°C, es-
sentially showed cleavage. This can be attributed to
the partially recovered lath bainitic matrix and
coarsening of Cu precipitates that could cause the
propagation of cleavage cracks.

3.2. Mechanical properties
(1) Yield and tensile strength.

Fig. 5 shows the variation of yield strength, tensile
strength, and YS (yield strength) /TS (tensile strength)
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acterization to study the coherent Cu precipitates,
which had bcc structure in their early stage of nuclea-
tion and precipitation. There were also a few of
Nb(CN) precipitations after the steel was tempered at
600°C.
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Fig. 3. Fine e-Cu precipitates at different tempering temperatures: (a) 400°C; (b) 500°C; (c) 600°C.

of the steel under the quenched condition at different
tempering temperatures. In quenched and tempered
condition, the YS was found to vary between 862 and
957 MPa for the steel. The YS increased with in-
creasing the tempered temperature from 400 to 600°C.
The yield strength of steel is related to the movable
dislocation density. The effect of €-Cu precipitates in
the matrix of tempering steel on the strength is related
to the number, shape and dimension of precipitate
phase. The €-Cu precipitates were small in the
quenched steel; thus, the yield strength was lower
compared with the tempering steel. Precipitation of -
Cu increased when the tempering temperature in-
creased from 400 to 600°C. Thus, the movable dislo-
cation density reduced in the matrix that led to the in-
crease in yield strength with the increase in the tem-
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pering temperatures.

Fig. 4. SEM fractographs of Charpy impact tested samples of tempered steel at —20°C: (a) tempering after 400°C; (b) tem-

pering after 500°C; (c) tempering after 600°C.
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Fig. 5. Variation of yield strength, tensile strength of the
steel under the quenched condition at different tempering
temperatures.

The ultimate tensile strength (UTS) of quenched
and tempered plates varied from 1050 to 985 MPa, the
TS decreased with increasing the tempering tempera-
tures from 400 to 600°C. The varying trend is contrary
to that of YS. The ultimate tensile strength of steel is
related to stacking fault energy (7). The quenched steel
dissolved a considerable amount of Cu, which reduced
the stacking fault energy in the steel [10]. The stack-
ing fault energy () is inversely proportional to the
width of stacking fault (d). Therefore, the d is more
larger when the yis more smaller. It is difficult for the
dislocation to move, so the ultimate tensile strength
was larger for the quenched steel compared with that
of the tempering steel. The €-Cu precipitated from the
steel which subjected to tempering, and the precipi-
tates increased with increasing the tempering tem-
peratures from 400 to 600°C; therefore, the stacking
fault energy of the tempering steel increased, whereas

the width of stacking fault reduced, which led to move
the dislocation easily; thus, the ultimate tensile
strength reduced with increasing tempering tempera-
tures. '

The YS/TS of the steel increased with increasing
the tempering temperature. The value was 0.86 after
the steel tempering at 400°C, whereas it increased to
0.97 after tempering at 600°C. It is reasonable for the
tested steel to temper at Jow temperature.

(2) Elongation and reduction-in-area.

Fig. 6 shows the variation of elongation (EL) and
reduction-in-area (RA) of the steel under quenched
condition at different tempered temperatures. It can
been seen that the elongation percent of the as-
quenched and tempered plates varied from 10.5% to
14.5%. The elongation was maximum for the steel af-
ter being tempered at 400°C. The value then decreased
when the tempering temperature increased to 500°C,
subsequently, the value increased again after 500°C.
The reduction-in-area percent of quenched and tem-
pered plates varied from 48.8% to 58.5%. It has the
same tendency as that of the elongation.

(3) Charpy impact toughness.

The CVN energy versus tempering temperature plot
of steels at various tempering temperatures is shown
in Fig. 7. The CVN impact energy values of the steels
decreased with the increase in the tempering tem-
perature from 400 to 500°C, the value then increased
again at the tempering temperature of 600°C due to
the recovered matrix. High volume fraction and coars-
ened €-Cu precipitates were found to be responsible
for the lower CVN energy value compared with the
quenched condition.
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Fig. 6. Variation of elongation and reduction-in-area of
the steel at quenched condition and different tempering
temperatures.
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Fig. 7. Curve of CVN energy versus tempering tempera-
ture of the steels at various tempering temperatures.

4. Conclusions

(1) The microstructures of as-quenched and tem-
pered steel plates showed that the bainitic laths were
found to be associated with M/A, There were numer-
ous dislocations within and between the bainitic laths
and very fine precipitates of e-Cu were also observed
within the laths.

(2) Increasing the tempering temperatures acceler-
ated the formation and coarsening of copper-rich pre-
cipitates.
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(3) The YS was increased, whereas the UTS de-
creased with increasing the tempered temperature
from 400 to 600°C. The CVN was lower after the steel
tempered at 400°C due to the &-Cu precipitation
coarsening.

Acknowledgments

The authors would like to thank the Wuhan Iron
and Steel Corporation for providing the experimental
steel.

References

[11 AK. Lis, J. Lis, and L. Jeziorski, Advanced ultra-low car-
bon bainitic steels with high toughness, Mater Process.
Technol., 64(1997), p.255.

[2] L.J. Baker, J.D. Parker, and S.R. Daniel, Mechanism of
hardening in ultralow carbon steel containing niobium and
titanium addition, Mater. Sci. Tech., 18(2002), p.541.

[3] A.N. Bhagat, S.K. Pabi, S. Ranganathan, et al., Aging be-
haviour in copper bearing high strength low alloy steels,
IS1J Int., 44(1992), No.1, p.115.

[4] A. Ghosh, S. Das, S. Chatterjee, et al., Influence of
thermo-mechanical processing and different post-cooling
techniques on structure and properties of an ultra low car-
bon Cu bearing HSLA forging, Mater. Sci. Eng. A,
348(2003), p.299.

[5] A. Ghosh, B. Mishra, S. Das, et al., An ultra low carbon
Cu bearing steel: influence of thermoelectrical processing
and aging heat treatment on structure and properties, Ma-
ter. Sci. Eng. A, 374(2004), p.43.

[6] P.CM. Rodrigues, E.V. Pereloma, and D.B. Santos,
Mechanical properties of an HSLA bainitic steel subjected
to controlled rolling with accelerated cooling, Mater. Sci.
Eng. A, 283(2000), p.136.

{71 1.Y. Yoo, W.Y. Choo, T.W. Park, et al., Microstructure and
age hardening characteristics of direct quenched Cu bear-
ing HSLA steel, ISIJ Int., 35(1995), p.1034.

[8] K. Osamura, H. Okuda, S. Ochiai, et al., Precipitation
hardening in Fe-Cu binary and quaternary alloys, ISJ Int.,
34(1994), No.4, p.359.

[9] C.S. Pande, M.A. Imam, C.L. Vold, et al., Key Engineer-
ing Materials, Transtech Publications, Switzerland, 1993,
p.145.

[10] A. Akahashi and M. lino, Microstructural refinement by
Cu addition and its effect on strengthening and toughening
of sour service line pipe steels, ISIJ Int., 36(1996), No.3,
p.241.



