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Abstract: The effect of relaxation after finished rolling on structures and properties of four microalloyed steel with different content of
Nb and Ti was investigated. By alloy designing and control rolling + relaxation-precipitation-control phase transformation (RPC) pro-
cess, a new 800 MPa grade HSLA plate steel could be obtained, the microstructure is composite ultra-fine lath bainite/martensite. The
tempering process and mechanical properties of this kind of HSLA steel were investigated. The yield strength can achieve 800 MPa, and

the ductility and impact toughness is satisfied.
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1 Introduction

Iron and steel materials will still be the main struc-
tural materials in the 21st century. In China, the output
of crude steels is more than 100 million tons per year,
but the high performance steels can not meet the requi-
rement of domestic market. Since 1999, “New gener-
ation of iron and steel material” research project was
arranged by Chinese government. One of the subject
scopes is developing and investigating the metallurg-
ical mechanism of 800 MPa grade high strength low
alloy steel, the yield strength of steel will be increased
from 400 to 800 MPa [1].

HSLA steel has been widely used in many areas, the
superior mechanical properties and weldability are the
advantages of this kind of steel. Thermomechanical
control process (TMCP) has been applied in producing
HSLA steel for many years. Micro-alloying (Nb,Ti, B,
ect.) plays an important role during TMCP [2]. The ac-

Table 1 Composition of the steels (mass fraction)

celerated cooling/or direct quenching is a technique
which has been employed to produce high strength and
toughness steels [3, 4]. In this paper, by alloy design
and employ a special TMCP: two steps controlled rol-
ling and relaxation-precipitation-control phase trans-
formation (RPC) after final rolling, a 800 MPa grade
high strength and toughness plate is obtained which has
an ultra-fine composite microstructure.

2 Experimental

The composition of the steels is listed in table 1. The
steels were melted in a 25 kg vacuum induction fur-
nace. The ingots were soaked at 1150 °C for 2h and
forged to 42 mm thick. The slabs were austenized for
2hat 1150 °C and controlled rolling (CR) to 6 mm by
5 passes (two passes in recrystallization region, three
passes under no-recrystallization temperature (NCT)).
The rolling schedule is listed in table 2. The TMCP and
tempering process of steels is as follows.

%

Heat C Mn Si Nb Ti Mo Ni Cu B
i-1 0.060 1.68 0.37 0.058 0.020 0.30 0.22 0.30 0.0040
2-1 0.031 1.74 0.16 0.094 0.057 0.31 0.25 0.29 0.0009
2-3 0.036 — — 0.091 0.080 — — — 0.0010
2-6 0.035 — — — — — 033 — 0.0020

Note: $<0.005%, P<0.010%.

Table 2 Rolling schedule

Pass number and cooling 1
Final thichness / mm 23
Reduction / % 44
Rolling temperature / °C 1150

Waiting time between final pass and water cooling / s —

2 3 4 5 Water cooling

15 11 8 6 —

35 27 27 25 —
1000 930 860 830 750

_ — — — 20-40
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Process (1): After two phase controlled rolling, the
rolling finished at 830 °C, the steels were relaxed (air
cooled) for 2040 s, then accelerated cooling (cooling
rate more than 20 “C/s) to room temperatre. The steels
were tempered at 500-710°C for different time (i. e.
CR-RPC-T).

Process (2): Controlled rolling as same as above,
after final pass rolling, the steel was cooled to room
temperature in air. The as-rolled plate was reheated at
930 'C and quenched, then tempered at 630 °C (RQ-T).

Tensile specimens have an original thickness of plate
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{cross section is about 6 mm=25 mm). The Charpy not-
ch impact tests were done at room temperature, —20 °C
and —40 'C respectively. The microstructure was ob-
served by optical microscope (OM), scanning electron
microscope (SEM) and transmission electron micro-
scope (TEM).

3 Resuits and Discussion

3.1 Microstructure

The microstructure of as rolled plate of heat 2-3 steel
processed following Process (1) is shown in figure 1.

Figure 1 The as-rolled microstractores of heat 2-3 steel followed Process (1), (a) OM; (h) TEM.

Figure 1(a) shows that the prior-austensite grains are
flattened/pancake like after ausforming, the micro-
structure is a composite structure of granular bainite,
lath bainite and martensite. The deformed grain con-
sists of several irregular packets, each packet parti-
tioned into some parallel laths of bainite /marsensite.
Figure 1(b) is a TEM photograph of the steel. It shows
that, in same grain, the laths do not lay in same direc-
tion, the length of lath is about 4-6 pm, the width is ab-
out 0.3 pm. Figure 1 (b) also shows that several laths
have a tendency to align themselves parallel to one an-
other in a small region of grain. About 3 1o 4 laths (0.3
pm width/lath) exhibit a block characteristic morphol-
ogy (1 um width) in optical micrograph as shown in
figure 1{a). The blocks as shown in figure 1(b) by ar-
rows A and B are separated by high angle boundaries.
The fine dimension blocks and packets as shown in fig-
ure 1 will improve the mechanical properties of steel.

Reference [5] has also indicated that the basic micro-
structural unit controlling the strength and toughness of
matrix is known to be the packets and blocks, and re-
finement of packets and blocks will improve the mech-
anical properties of the steel.

Figure 2 shows the microstructure of heat 2-3 steel
after tempered at 500 ‘Cand 690 °C for 3h. It shows
that after 500 °C tempering, the packet size is not enlar-
ged, the laths in packet are coalesced. After tempering
at 690 °C for 3 h, the packet size and blocks width grow
obviously, but the microstructure does not change basi-
cally, it is still granular bainite and lath bainite. Figure
2(c) is the morphology of heat 2-1 steel following Pro-
cess (2). After re-quenched and tempered at 630 °C for
2 h, the microstructure is mainly recrystallized granular
bainite. The flatten grain induced by deformation under
NCT has been recovered.

Figure 2 The microstructure of heat 2-3 steel after tempered at (a) 500 °C; (b) 690 'C for 3h and (c) 2-1steel after RQ-T treat-

ment.
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3.2 The mechanical properties
(1) The strength comparison of difference processes.

The composition of heat 2-2 steel is designed as
same as heat 2-1, and they were manufactured follow-
ing Process (1) and (2) respectively. Figure 3 shows the
tensile strength of these two kinds of steels after vari-
ous tempering time at 630 °C. It can be seen that the
tensile strength of heat 2-1 steel after RQ-T is about
650 MPa, and the heat 2-2 steel after CR-RPC-T is
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Figure 3 Tensile strength (o,) of RQ-T and RPC-T processed
steels.

(2) Tempering curve of hardness.

Figure 5 are the hardness of heat 2-2 and heat 2-3
steel tempered at different temperatures for 1 h. The
difference of two steel is the content of Nb. Figure 5(a)
shows that after tempered from 500 to 710 °C, the hard-
ness of heat 2-2 steel decreases from as-rolled state ab-
out 300 to 240 Hy, but there is a peak at the temperature
range about 625 °C. When temperature is higher than
650 C, the hardness decreases obviously. Figure 5(b)
shows the hardness peak of heat 2-3 steel appears at
575 ‘C which is higher than that of heat 2-2 steel and
moves to the left, the hardness decreases remarkably
when tempering temperature is higher than 600 °C. As
the Nb content in heat 2-3 steel is higher than heat 2-2
{0.091% and 0.05% respectively), the hardening tem-
perature is different. The difference of hardening peak
perhaps is induced by precipitation at TMCP and tem-
pering. When tempering time increases to 3 h, the hard-
ness decreases smoothly when tempering from 500 to
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more then 850 MPa. Figure 4 shows the difference of
yield strength of heat 2-1 and heat 2-3 steels, it also
shows that the yield sfrength of RQ-T steel is about 600
MPa and RPC-T steel is about 800 MPa. These results
indicate that the tensile strength and yield strength after
RPC-T treatment is both about 200 MPa higher than
that of RQ-T steel,the CR-RPC-T process can increase
the strength about 30% comparing with RQ-T process.
The yield strength of this kind of HSLA after RPC-T
process can achieve more then 800 MPa.

1000 l:jRQ T
-RPCT

800
£
S 600
§ 400 [
200 |
0

T/

630 °C tempering

Figure 4 Comparison of yield strength (s,) of RQ-T and RPC-
T processed steels.

625 °C as shown in figure 6 for steel 2-3. When the tem
perature is higher than 650 °C, the hardness drops sha-
rply but higher than 200 Hv. The aging characteristic of
heat 2-3 steel at 650 °C is shown in figure 7. When time
is more than 1h, the hardness decreased with increas-
ing tempering time. The microstructure of RPC pro-
cessed steel is stable. Unless tempering at 650 °C for
more than 5h, the microstructure is mainly bainite.

{(3) The mechanical properties during tempering.

The mechanical properties of heat 2-3 steel change
with tempering temperatures are shown in figure 8. It
shows that after tempering at various temperatures for
1.5 h, the strength decreases while the tempering tem-
perature is increased. When the tempering temperature
is lower than 650 °C, the yield strength is more than 800
MPa, even tempered at 675 °C, the yield strength is
more than 750 MPa. The ductility of every sample is
more than 15%. Figure 9 shows the influence of tem-
pering time on the mechanical properties of heat 2-6
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Figure 5 Hardness vs. tempering temperature of (a) 2-2 steel and (b) 2-3 steel.
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Figure 6 Hardness vs. tempering temperature of 2-3.
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Figure 8 The mechanical properties vs. tempering tempera-
ture of 2-3 steel within 3 h soking.

steel. It shows that tempering at 675 °C for 1 to 3 h, the
yield strength decreased, but the ductility is more than
16% when tempering time is longer than 1.5h. The
above results indicate that after RPC process and tem-
pered at 600-675 °C for 1.5-3h, yield strength can re-
ach 750-800 MPa, and the ductility is more than 15%.

The impact energy at room temperature, —20 °C and
—40 °C of heat -1 steels after tempering at 650 °C for
2 and 3 h are shown in figure 10. It shows that the
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Figure 10 The longitudinal impact energy of 1-1 steel (speci-
men size Smmx10 mmx55 mm).

4 Conclusions

(1) An ultra-fine composite microstructure of HSLA
steel can be obtained by alloy design and CR+RPC
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Figure 7 Hardness vs. tempering time of 2-3 steel.
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Figure 9 The mechanical properties vs. tempering time of 2-6
steel, tempering at 675°C for 1 to 3 h.

longitudinal impact energy is more than 60 J (specimen
size: Smmx10mmx55mm) at —40 °C. The FATT is
lower than —40 °C. The transverse and longimdin}il im-
pact energy of heat 2-3 steel at —~40, —20 and 20 'C
after tempering at 675 °C for 3 h is shown in figure 11,
It shows that the transverse impact energy 50% less
than the longitudinal results, otherwise the transverse
impact energy at —40 °C is still more than 36J.
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Figure 11 The longitudinal and transvers impact energy of
2-3steel after tempering.

process. The microstructure is composed mainly of ba-
inite and less martensite. The lath is composed of sub-
lathes that contain a high dislocation density, the length
of sub-lath is about 4-6 um, the width is about 0.3 um.
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(2) During tempering the hardness decreases with
the increasing tempering temperature, there is a hard-
ening phenomenon at a certain temperature range and
tempering time. The optimum tempering temperature
is 600—675 °C, and the tempering time is in the range of
1-3h.

(3) The mechanical properties of ultra-fine compos-
ite microstructure steel is perfect, the yield strength is
750-800 MPa, the ductility is more than 15% and the
longitudinal impact energy of half size specimen
(S mm*x10mmx55mm) is 75-1007J at room tempera-
ture and more than 68 J at —40 C.
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